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    This work provided a pathway to turn cottonseed oil into RAFT biopolymers with 
different purity including the purification of specific fatty acids from cottonseed oil, the 
synthesis of reactive monomers and final RAFT polymers. Modified methods including 
optimization of parameters, repurification, and ultrasound were used in the purification 
process. Four purification parameters were studied using a single factor methodology and 
then these were optimized via response surface methodology. Two functional groups 
including acrylate and methacrylate were incorporated into the fatty acids chain via an 
esterification reaction in order to improve the polymerization activity. The synthesized 
reactive monomers were subsequently polymerized via RAFT polymerization. The 
chemical structures from fatty acids to their polymers were confirmed by infrared 
spectroscopy and nuclear magnetic resonance spectroscopy. The results have shown that 
specific fatty acids with controllable purity were achieved by adjustable purification 
parameters. The length of the fatty acid chain, the degree of unsaturation, the functional 
groups, the purity of fatty acids and the fatty acid sources influenced the properties of their 
reactive monomers and final RAFT polymers. 
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        With the ongoing prevalence of the petroleum industry, an astonishing variety of 
industrial materials, such as organic solvents, detergents, cosmetics, fuels and synthetics 
fibers, are being manufactured primarily from fossil fuel resources. These petroleum 
products are widely used in our daily lives, and people rely a lot on petroleum based 
products. Polymers from petroleum oil are employed in making garments, houses, 
automobiles and aeroplanes and are used in sophisticated applications in medicine, 
diagnostics and electronics 1-6. 
        Petroleum-based polymer products such as plastic bags and containers have a long 
degradation half-life, and they can exist in the soil or water for thousands of years. The 
pollutants from plastics in the environment have led to a terrible hazard for wild animals 
with marine animals worst affected. Due to the depletion of petroleum oil and the 
environmental issues caused by petroleum oil-based polymers, the use of renewable 
resources for the synthesis of biomass-based polymers, has been receiving increasing 
attention 7-8. 
        Nature provides an abundance of chances for the design of novel monomers and the 
formation of structural and functional polymers in its wide range of renewable materials. 
Among these renewable sources, vegetable oils have been regarded as a promising 
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candidate to replace petroleum oil in the polymer industry since they are available, 
renewable and potentially biodegradable 9-10. Vegetable oils can come from a range of 
plants or seeds, such as palm, soybean and cotton. Vegetable oils are mainly used as 
cooking oil and only a small amount of vegetable oils have been used in the production of 
diesel or other fuel products 11. The main research on the use of vegetable oil for the 
preparation of polymers, has been focused on the synthesis, characterization and 
properties of triglyceride-based polymers 12. The composition of fatty acid moieties in the 
structure of triglycerides vary (more than 30 structural variations of triglycerides may be 
present in one vegetable oil sample). Therefore, the precise design of triglyceride-based 
polymers becomes more difficult which impedes the application in medicine such as drug 
delivery polymers 13. In vegetable oils, there are also an amount of saturated triglycerides, 
which cannot react on the proposed scheme. The unreacted saturated triglyceride have 
mixed into synthesized polymers that led to a deleterious effect on the properties of the 
polymer. The use of sole pure fatty acid can reduce the issues caused by the irregularities 
of triglycerides because the structure of a sole fatty acid is definite. However, the use of 
fatty acid in the synthesis of polymers also has some problems including low 
polymerization activity of sole fatty acid and high cost. 
        Cottonseed oil is a vegetable oil source that is derived from cotton crops. The main 
target product of a cotton crop is cotton fibers, used in making clothing 14-17. Cottonseeds 
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are by-product, and they can be pressed or extracted to produce cottonseed oil. Based on 
the types of raw materials, the cottonseed oil is segmented into genetically-modified (GM) 
cottonseed oil and non-GM cottonseed oil 18. It is estimated that over 25 million hectares 
of GM cotton is farmed globally, and over 75% of American cotton is genetically 
modified. GM cotton varieties have higher high yields and have better insect resistance 
19.Global cottonseed oil production can be geographically divided by major regions, Asia 
Pacific, Africa, Europe, North America and Latin America. Cottonseed oil is primarily 
produced from GM cottonseeds 20. Approximately 5.43 million metric tons of cottonseed 
oil is produced per year 21, and over 93% is consumed in food processing by humans and 
animals 22. A small quantity of cottonseed oil (about 0.38 million metric tons) was 
employed in cosmetic applications (such as soaps, cosmetics and detergents) 23 and other 
industrial uses (e.g. insecticide, rubber and explosives) 24-26. However, the use of 
cottonseed oil in edible oil is expected to decrease in response to growing customers’ 
concerns because the debates about the effect of GM food on human health, agriculture 
and the environment 27-32. The use of cottonseed oil in the production of polymers provides 
an alternative use, which can reduce the risk caused by GM food and also increase the 
added value of cottonseed oil. 
        The main components of cottonseed oil are triglycerides and their fatty acid moieties. 
The use of cottonseed oil in the synthesis of polymers has focused on the use of 
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triglycerides or their fatty acids as functional groups. Güner et al. 12 reviewed vegetable 
oil sourced-based polymers. In this report, a few studies on the preparation of polymers 
derived from cottonseed oil have been reported (e.g. polyurethanes, epoxy resin and 
polyesters) in which they mainly used the triglyceride component in cottonseed oil as the 
starting raw material. The triglyceride component was converted to polyols or epoxy 
precursors first, and then was further reacted with commercial petroleum chemicals (e.g. 
2,4-toluene diisocyanate) to make the polymers. However, as previously mentioned, the 
use of triglycerides and their fatty acid in the production of polymers still have some 
challenges such as the variation in triglycerides structures, the high cost in the purification 
of fatty acids, and relatively low polymerization activity of fatty acids. 
        The purity levels of the feedstock influence the properties of polymers. More effort 
has been focused on the purification techniques in order to obtain a pure sole component 
from vegetable oils. Various separation and purification technologies were developed 33, 
such as crystallization, urea inclusion complexation, supercritical liquid extraction, 
molecular distillation, chromatography and membrane separation techniques 34. But, most 
of the separation and purification techniques are inefficient with high cost. Instead of 
putting more effort into obtaining higher purity of a single component from vegetable oils, 
it is significantly valuable to answer the question “what purity level of purified vegetable 
oil is necessary to produce a usable polymer?” Up to now, no studies have been found 
5 
relating to how pure a fatty acid must be to achieve usable polymers derived from 
cottonseed oil. 
        In order to have a good understanding on the effect of purity levels of purified oil on 
the properties of final synthesized polymers, this study has been focused on three main 
parts: the purification of specific fatty acids from cottonseed oil, the preparation of 
reactive monomers and final polymers. 
        In the section of the purification of cottonseed oil, a modified low energy method 
was used to purify fatty acids with controllable purity levels from cottonseed oil. The urea 
inclusion methods with or without ultrasound were used in the purification process. A 
calibrated gas chromatography method was built up to accurately identify and quantify 
the compositions of cottonseed oil and purified oil. Single experimental method was used 
to find the relationship on how the main purification parameters influence the purity and 
yield of purified oil. An optimal factorial analysis, called response surface methodology, 
was used to optimize the purification process. Urea inclusion method produced two 
fractions: the crystal fraction and filtrate fraction. The main target product is the high 
purity of linoleic acid, which can be obtained from the filtrate fraction, but it still had a 
small amount of linoleic acid in the crystal fraction. In order to increase the yield of 
linoleic acid from cottonseed oil, the urea inclusion purification method was conducted 
several times on the crystal fraction. It is worthy of note that after the introduction of 
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ultrasound into the crystallization process in urea inclusion purification, the compositions 
of fatty acids in both urea inclusion compounds and non-urea inclusion compounds 
differed significantly since the ultrasound changed the crystal behavior of urea inclusion 
compounds. By adjusting the purification parameters, a series of different purity levels of 
the purified oil were obtained, and the properties of the purified oil were studied. 
        In the preparation of reactive monomers, groups with higher polymerization activity 
including acrylate and methacrylate groups were incorporated into the fatty acids chain 
by the esterification of fatty acids with 2-hydroxyethyl acrylate or 2-hydroxyethyl 
methacrylate at room temperature. Fatty acids from commercial providers (as reference 
standards) and purified samples from cottonseed oil with varying purity (as objective 
samples) were synthesized via the same processes. Based on the analysis of fatty acid 
compositions of cottonseed oil, five fatty acids including myristic acid, palmitic acid, 
linoleic acid, oleic acid and stearic acid, were employed in the preparation of reactive 
monomers. Each esterification reaction was monitored by thin layer chromatography, and 
the chemical structures of synthesized monomers were confirmed by infrared 
spectroscopy, nuclear magnetic resonance spectroscopy and mass spectrometry. A series 
of linoleate acrylate and methacrylate monomers with different purity derived from 
cottonseed oil were synthesized by the use of same method. The properties of these 
synthesized monomers were determined by differential scanning calorimetry, thermal 
7 
gravimetric analysis, and thermal chemiluminescence. The results showed that the 
proposed monomers were synthesized. The length of the fatty acid chain, the degree of 
unsaturation, the introduced groups and the purity of the purified oil influenced the 
thermal properties of synthesized monomers. 
        The synthesized reactive monomers were subsequently polymerized via Reversible 
Addition Fragmentation chain Transfer (RAFT) polymerization and conventional free 
radical polymerization. The molecular weight and polydispersity of polymers were 
compared by the use of two types of polymerization methods. The polymerization kinetics 
of three main fatty acid-based methacrylate monomers including palmitate methacrylate, 
linoleate methacrylate and oleate methacrylate were studied. The effects of length of the 
fatty acid chain, the degree of unsaturation, the introduced functional groups and the purity 
of the fatty acid on the properties of final synthesized polymers were investigated. The 
saturated fatty acid-based polymers displayed obvious crystalline behavior depending on 
the length of the fatty acid chain. The polymerization kinetics showed living 
polymerization characteristics. Higher concentration of saturated fatty acids in the purified 
fatty acids led to more obvious thermoplastic behavior (melting and crystallization 
behavior) of final RAFT polymers, while higher concentrations of unsaturated fatty acids 
in purified fatty acids from cottonseed oil tended to have more thermosetting behavior and 
more flexible texture of final RAFT polymers. 
8 
 
        To sum up, this PhD research aimed to bridge the research gap on how pure must a 
fatty acid be to achieve a usable polymer derived from cottonseed oil. In this research, a 
solution to turn cottonseed oil into polymers was also provided. By the use the series of 
methods, the biomass resources derived from vegetable oil-based fatty acids were 
incorporated into the polymeric chain. More importantly, the relationship between the 
factors including the length of the fatty acid chain, the degree of unsaturation, the 
introduced functional groups and the purity of the fatty acid on the properties of final 
synthesized polymers were built up. This will give a guideline on the production of 
polymers from cottonseed oil.  
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1. Literature Review 
        Cottonseed oil is one type of vegetable oil. The overviews of the main areas related 
to this research are stated below: 
(1) Overview of polymers; 
(2) Overview of biomass-based polymers; 
(3) Overview of sources and compositions of vegetable oils; 
(4) Purification techniques of vegetable oils and their fatty acids; 
(5) Vegetable oil-based polymers. 
1.1 Overview of Polymers 
        Polymer means the interlinking of many parts. In the classical Greek words, poly 
means ‘many’ and mer means ‘part’. In brief, a polymer is a long chain macromolecule, 
which is made up of a large number of repeating units. Some polymers, such as cellulose, 
proteins and silk, are found in nature, while other polymers derived from petroleum oil, 
such as polystyrene, polyethylene, and polyamides, are manufactured by synthetic routes.    
        Thousands of different polymers have been synthesized by the polymer industry, and 
more functional and versatile polymers will be made in the future. Today, polymeric 
products have been used in nearly all areas of daily life, such as clothing, cars and housing. 
All polymers can be assigned to different groups based upon their source (natural, 
synthetic and semi synthetic polymers), structure (linear, branched, brushes, star-like, 
10 
 
dendritic, cross-linked and hyper-branched polymers), processing characteristics 
(extrusion and injection polymers), polymerization mechanism (addition, condensation 
and metathesis polymers), polymerization kinetics (step growth polymers and chain 
growth polymers), polymerization techniques (solution, bulk, suspension, precipitation 
and emulsion polymers), molecular forces (elastomers, thermoplastics and thermosets and 
fibres), applications (plastic, rubber, fibre, coating and adhesive) and properties (structural 
and functional polymers) 35. 
        On the basis of source or origin, polymers are mainly classified into two types: 
natural and synthetic polymers. 
1.1.1 Synthetic Polymers 
        Synthetic polymers are human-made polymers. The most important primary sources 
of synthetic polymers are petroleum oil, natural gas and coal (minor extent). The structures 
of the most common synthetic polymers are shown in Figure 1.1. In the structures, n is the 
number of the repeating units. 
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Figure 1.1 The structures of common synthetic polymers derived from petroleum oil 
12 
 
        Synthetic polymers have brought benefits in lots of areas, such as packaging and 
distribution of food and other perishable commodities, architecture, agriculture and 
aerospace. But synthetic polymers also create serious problems when their products are 
discarded. In particular, the synthetic polymeric products appear as litter in the 
environment and became pollution in the water, sea and land since most synthetic 
polymers have a long degradation half-life. The most widely used polymers which are 
response for polymeric waste are low-density polyethylene (23.0%), high-density 
polyethylene (17.3%), polyvinyl chloride (10.7%), polystyrene (12.3%) and 
polypropylene (18.%) 36. Although the green movement calls to reuse or recycle some 
thermoplastic polymers, only a small amount of plastics (less than 20%) are recycled and 
this comes with high-energy consumption 37-40. To address the issues caused by synthetic 
polymers, finding an eco-friendly alternative from nature is desirable. 
1.1.2 Natural Polymers 
        Like synthetic polymers, natural polymers can be formed together based on their 
formation method as addition and condensation polymers. The majority of natural 
polymers are condensation polymers grouped by a large amount of monomer units with a 
small molecule as a by-product. Natural polymers can be found abundantly in nature, 
mostly in plants, animals and microorganism sources. The classification of natural 
polymers is assigned into agro-based natural polymers (e.g. polysaccharides, proteins and 
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lipids), biotechnology based natural polymers (e.g. polylactides) and microorganism 
based natural polymers (e.g. polyhydroxyalkanoates) 41-42. Natural polymers offer unique 
characteristics, such as their abundance, renewability and potential biodegradability.  
1.2 Biomass-Based Polymers 
        Biomass-based polymers either are synthesized naturally in all organisms during 
growing cycles or are produced artificially by reprocessing of biomass materials. The 
synthesis of natural biopolymers involves enzyme catalyzed chain-growth polymerization 
of activated monomers within cells via complex cellular metabolic processes 43-45. The 
classification of biomass-based polymers varies based on their regions, structures and 
uses. The most common classification of biomass-based polymers is presented below. 
1.2.1 Types of Biomass Based Polymers 
1.2.1.1 Polysaccharides 
        Polysaccharides can be classified according to their biological roles. For instance, 
starch is used for the storage of polysaccharides whereas cellulose and chitosan/chitin are 
structural polysaccharides 46. Polysaccharides, as the most renowned renewable resource 
in the world, are derived from cells walls of plants, seeds, roots, sea weeds, cell walls of 
animals, shells of aquatic animals, wood, skins and bones of animals, scales of fishes, 
bacteria and fungi 47-48. Cellulose 49-50, starch 51 and chitin or chitosan 52-53 are the most 
common polysaccharides 54 (Figure 1.2). Although polysaccharides show many 
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irregularities in their chemical structures and properties, polysaccharides have drawn a 
growing interest because of their biodegradable and biocompatibility properties. 
O O O OOO O
HO R
OH OH OH OH
R R RHO HO HO n
Cellulose: R=OH; Starch: R=OH; Chitin: R=NHCOCH3; Chitosan: R=NH2  
Figure 1.2 Structure of cellulose, starch, chitin and chitosan 
1.2.1.2 Polypeptides (Proteins) 
        A linear polypeptide can be formed by numerous end-to-end joined amino acids. 
Polypeptides, commonly known as proteins, contain hundreds of amino acid molecules. 
The formation of polypeptides normally involved the condensation of amino acids to form 
amide bonds, commonly known as peptide bonds (Figure 1.3). Polypeptides can be 
classified according to the shape, size, solubility, composition and function 48. The most 
common polypeptides used by industry are wool, silk fibroin, silk sericin, zein, collagen, 





























Figure 1.3 The formation of protein from amino acid to polypeptides 
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1.2.1.3 Polyphenol 
        Lignin (Figure 1.4) is an aromatic polyphenol which is produced via the oxidative 
coupling reaction of monoligols in the cell wall of plants 60. The monoligols can be 
synthesized from L-phenylalanine through enzymatic reactions involving removal of 
amine groups, substitution of aromatic ring with hydroxyl/methoxyl groups and reduction 
of carboxyl groups on the propane side-chain 61-62. Advances in applications of lignin as 
feedstocks have been reported, such as adhesives, flocculants, composites, copolymers, 

























































        Some polyesters, such as polylactic acid and polyhydroxyalkanoates (Figure 1.5), 
can also be derived from renewable resources. Polylactic acid is thermoplastic aliphatic 
polyester and it can be made from corn starch, tapioca products or sugarcane. Polylactic 
acid is biodegradable and it can be used in packaging, medicine and non-woven textiles 
68. Polyhydroxyalkanoates can be found in bacteria as storage compounds of carbon and 
energy. More than 100 different types of polyhydroxyalkanoate monomers and more than 
300 different polyhydroxyalkanoates are produced by various microorganisms 69. The 
natural properties, including biodegradability, nontoxicity, biocompatibility and 
piezoelectricity, make them desirable for use in medicine, pharmacy, agriculture, food, 
packaging and paint industry. However, the high production cost of natural polyesters is 















Figure 1.5 The structures of polylactic acid and polyhydroxyalkanoates 
1.2.1.5 Polyisoprenes 
        The main component of natural rubber is polyisoprene and the structure is presented 
in Figure 1.6. In the structure, the repeating unit is isoprene. Based on double-bond 
17 
geometry, polyisoprenes can be assigned into cis-polyisoprene and trans-polyisoprene. 
The cis-polyisoprene, where the methyl group is on the same side of the double bond, is 




Figure 1.6 The structure of polyisoprene 
1.3 Biomass Materials for the Production of Monomers and Polymers 
        The design, development, fabrication and application of biomass-based polymers 
from nature have played an essential role in modern life and the global economy and 
environment. In order to improve the biodegradability, biocompatibility, stability and 
mechanical and chemical properties of final biopolymers, studies on the extraction and 
synthesis of new monomers and the copolymerization of monomers from nature. Many 
small molecules from nature are being used in the production of polymers, such as lactic 
acid, adipic acid and acrylic acid 71. The primary feedstocks as monomers for the synthesis 
of biomass-based polymers today are carbon dioxide, carbohydrates, terpenes, and 
vegetable oils 72-73. 
1.3.1 Carbon Dioxide 
        The use of carbon dioxide in the synthesis of polymers has been regarded as one of 
the most attractive sustainable resources because of its both economic and environmental 
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benefits 74-76. The scheme of using carbon dioxide in synthesis of polymers is presented 



























Figure 1.7 The formation of polymers via using carbon dioxide 73. The figure was 
reproduced with the permission from Springer Nature. 
        In the polymerization process, carbon dioxide was copolymerized with epoxides 
(commonly as propylene oxide). Different types of catalysts can form different structure 
polymers (polycarbonate and polyethercarbonates). The most important factor of carbon 
dioxide utilization in the production of polymers is the efficiency of the applied catalyst 
73, 76-77. Therefore, future interest of the utilization of carbon dioxide in the production of 
polymers would concentrate on exploiting high activity catalysts. 
1.3.2 Carbohydrates 
        Carbohydrates are an attractive renewable resource from nature. The use of 
carbohydrates in synthesis of polymers involved the separation and depolymerization of 
carbohydrates to produce monosaccharides which are commonly known as pentoses and 
hexoses. The main repeating unit in carbohydrates, such as cellulose and starch, is glucose, 
19 
and it can be converted into building-block monomer precursors such as lactic acid and 
succinic acid. These monomer precursors can be polymerized directly or further reacted 
via chemical and enzymatic techniques to synthesize reactive monomers as shown in 




































































Figure 1.8 The monomer precursors from carbohydrates for polymers 73. The figure was 
reproduced with the permission from Springer Nature. 
        The use of carbohydrates has been extending new perspectives on the production of 
biocompatible and biodegradable polymeric products 73, 78-80. The carbohydrate-based 
monomers and polymers have attracted an increasing attention in recent years and some 
products have been employed in very specialized fields, such as biomedical and 
biochemical areas 80. 
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        The agricultural waste is the most attractive starting material for biomass derived 
products as the starting material is widely abundant and inexpensive. Whilst polymers 
derived from corn and sugarcane are being industrially produced they suffer from the 
starting materials needing to be grown on land that would normally be used for growing 
food crops. With arable land almost fully utilised and the increasing world population, the 
displacement of food crops for the growth of biomass for plastics may be not a viable long 
term option 81-82. 
1.3.3 Terpenes 
        The terpenes, as renewable organic materials from nature, are another alternative to 
replace petroleum oil in the production of polymers. The most renowned example of 
polyterpene is natural rubber, in which the main component is polyisoprene 73. In recent 
years, research on other smaller scale terpenes for the production of polymers have 
attracted an increasing attention 83. These terpenes include α-pinene and β-pinene derived 
from pine trees, limonene extracted from citrus fruits, methylene butyrolactone extracted 




































Figure 1.9 The terpene precursors for the synthesis of polymers 73. The figure was 
reproduced with the permission from Springer Nature. 
        Although many efforts have focused on the use of these smaller scale terpenes, it still 
has two main disadvantages. One is the low molecular weight of synthesized polymers 
which leads to the poor mechanical performance, and the other is the relatively high cost 
in the extraction of terpenes from the plants which limits the commercialization of terpene 
based polymers 73. 
1.3.4 Value-added Vegetable Oils 
        Vegetable oils are a promising candidate to replace petroleum oil in the polymer 
industry because of the abundance, sustainability, and potential biodegradability 73. 
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Vegetable oils can come from a range of plants and seeds, such as sunflowers, soybeans 
and cottonseeds. In the crude vegetable oils, triglycerides are the main components with 
varying fatty acid moieties. The use of vegetable oils, as long-standing raw feedstocks for 
polymer production, has mainly involved the functional modification and polymerization 







Vegetable oils from plants and seeds
























































Figure 1.10 The monomer precursors from vegetable oils for polymers 73. The figure 
was reproduced with the permission from Springer Nature. 
1.4 Vegetable Oils 
        As presented in Section 1.3.4, vegetable oils are an attractive renewable resource for 
the production of biomass-based polymers. In this section, a brief summary of vegetable 
oils including their sources, compositions and purification techniques are reviewed. 
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1.4.1 The Major Sources of Vegetable Oils 
        Vegetable oils can be obtained via solvent extraction or pressed from oil-containing 
seeds or crops. The common types of vegetable oils include palm oil, soybean oil, canola 
and sunflower seed oil. The worldwide production of the most important vegetable oils 
from 2012/2013 to 2016/2017 is shown in Figure 1.11 88. 









































Figure 1.11 Main vegetable oils manufactured worldwide 
        Based on Figure 1.11, cottonseed oil is the seventh largest source of vegetable oil in 
the world. Although the production of each vegetable oil slightly fluctuated from 2012/13 
to 2016/17, the production of each vegetable oil has the tended to increase. In 2015/2016, 
the global vegetable oil production reached approximately 177.8 million metric tons, and 
the output of vegetable oils has been predicted to increase significantly in the future 88. 
        The main sources of vegetable oils are presented below in alphabetical order 89-91. 
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(A) Blackcurrant, Borage, and Evening Primrose Oil 
        Blackcurrant, borage, and evening primrose oils are one of the smaller vegetable oil 
segments however they have received an increased attention for their application in 
medicine because they consist of abundant unsaturated fatty acids such as γ-linolenic acid 
92-93. Evening primrose oil can come from the seeds of Oenothera biennis containing 
approximatively 9% γ-linolenic acid and borage oil is derived from the seeds of Borago 
officibaklis containing approximatively 23% γ-linolenic acid 93. 
(B) Castor Oil 
        Castor oil, as a commercial oil, obtained from the extraction or press of Ricinus 
communis seeds, has been used in production of lubricants, greases and cosmetics 94. The 
largest exporter of castor oil is India, followed by China and Brazil 95. Castor oil, 
containing approximatively 90% ricinoleic acid, has been regarded as a renewable 
resource in the preparation of polymers such as polyurethanes 95-96. Castor oil has quite an 
established cropping method as it was an early fuel source for planes early in the 20th 
century. 
(C) Coconut Oil 
        Coconut oil (Cocos nucifera), comes from copra derived from coconut trees grown 
especially in the tropical regions, such as Philippines, Indonesia, India, Ski Lanka, and 
Papua New Guinea 97. It is a good cooking and frying oil because it is rich in lauric acid 
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and exhibits good stability and digestibility 97. Coconut oil can also be applied in the 
production of biodiesel, engine lubricant, transformer oil, etc. 98. The Philippines is the 
main producer of coconut oil consisting of 47% of total world production 97. 
(D) Corn Oil 
        Corn oil (maize oil, Zea mays), is extracted from the germ after it has been isolated 
from the grain. The refined corn oil is used more in food and feeding animals than other 
fields because the traditional corn has low oil or lipid content (2‒4%) 99.  
(E) Cottonseed Oil 
        Cottonseed oil (Gossypium hirsutum) is the by-product of cotton plants 100. The major 
growth areas include China, USA, Russia, India and Pakistan 100. Cottonseed oil is used 
in frying oil because of its high smoking point 100. The four largest producing countries of 
cottonseed oil are China (32%), India (24%), United States (8%) and Turkey (3%), which 
accounts for about 67% of the world production 100. 
(F) Linseed Oil 
        Linseed oil (Linum usitatissimum), also known as flaxseed oil, is manufactured 
mainly from cork and linseed. Linseed oil is rich in alpha-linoleic acid (48–60%) 101. 
Linseed is grown in Russia, North America, India, and Argentina, and is becoming more 
popular in Europe, especially in the United Kingdom 102. 
(G) Olive Oil 
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        Olive oil (Olea europea), is produced from the flesh of olive fruit grown 
predominantly in the Mediterranean Basin. The main component in olive oil is oleic acid, 
and it has high oxidative stability because of the presence of natural antioxidants. Olive 
oil is commonly used in cooking, cosmetics, pharmaceuticals and soaps 103. Olive oil 
production is centred in the Mediterranean Basin, where Spain is the main producer, 
accounting for about 50% of the world production 103. 
(H) Palm Oil 
        Palm oil (Elaeis guinensis), as the most widely produced oil, is often used in food, 
cosmetic formulations and biofuel. Indonesia and Malaysia are the main producers of 
palm oil and their production represents 86.8% of total production of this oil 104. It is worth 
noting that the rapid growth of palm oil due to its use in biofuel production has resulted 
in large amounts of native forest land clearing making its increased use controversial 105. 
(I) Palm Kernel Oil 
        Palm kernel oil (Elaeis guineensis) has been used for the production of soaps, 
washing powder, and personal care products. Its applications in commercial food industry 
are increasing due to its low cost and high oxidative stability 106. Indonesia (48%) and 
India (37%) are the main producers of this oil 107. 
(J) Peanut Oil 
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        Peanut oil, also known as groundnut oil, is extracted from the peanut fruit (Arachis 
hypogaea), which grows in tropical and subtropical climates. It is highly favored as 
dressing salads and especially suitable for frying due to its high smoke point. The main 
producer of peanut oil is China followed by India, and the sum of their productions 
represents almost 75% of world production 108. 
(K) Rapeseed Oil 
        Rapeseed oil is derived from Brassica campestris and B. napus plants, and it is 
widely used as cooking oil. A new crop has been developed to produce rapeseed oil 
without erucic acid. It is then called Canola oil, a trademark for a hybrid variety of rape 
developed in Canada, which is an acronym for CANadian Oil with Low Acid content. The 
main producers of rapeseed oil are EU–27 (41.5% of total production) and China (21.2% 
of total production) 109. 
(L) Rice Bran Oil 
        Rice bran oil is a by-product of the rice crops (Oryza sativa). During milling, rice 
bran and the germ are separated and this furnishes useful oil on extraction. The oil is 
quickly hydrolysed leading to a high level of free acid unless the bran is extracted quickly 
or heated and dried while awaiting extraction. Good quality rice bran oil contains 
tocopherols and ferulic esters which provide the stability to resist oxidation 110.  
(M) Sesame Oil 
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        Sesame oil is obtained from sesame crops (Sesamum indicum). Because of its good 
taste and stability, sesame oil is mainly consumed. Sesame oil is produced in China, India, 
Sudan and Mexico  111. 
(N) Soybean Oil 
        Soybean oil (Glycine max) as a by-product of soy meal processing, accounts for about 
half of the total edible oil production 112-113. In 2007/2008, its production in United States 
attained about 9.3 million tons, together with the production of China, Argentina and 
Brazil which represented 77.5% of total world production 113. 
(O) Sunflower Oil 
        Sunflower oil is obtained from Helianthus annuus plants. In the kernel, the oil 
content can reach as high as 55%. Sunflower oil can be classified into regular oil (14–
39%), mid-oleic content oil (43–72%) and high-oleic content oil (75–91%) based on the 
different oleic acid content in sunflower oil. Sunflower oil is the common cooking oil used 
as frying oil, and it also can be used in the production of biodiesel and cosmetics 114. The 
Russian Federation, Argentina, EU–27, and Ukraine are the main producers, and the total 
of their production accounts for 75% of total production of this oil 115. 
(P) Tall Oil 
        Tall oil is the by-product of the wood pulp industry. It is mainly a mixture of resin 
acids (around 42%), which are the cyclic terpenes and of fatty acids (around 45%) 116. By 
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distillation, the two types of materials can be separated. The main fatty acids in tall oil are 
palmitic acid, linoleic acid and oleic acid. Tall oil is used as a resin in the production of 
paints and synthetic rubber 117-118. 
        To sum up, vegetable oils are mainly obtained from plants, beans and seeds. After 
extraction or press of beans or seeds, two valuable commodities including oils and protein-
rich meal are furnished. Vegetable oils are mainly used as cooking oil 90 and the feedstocks 
for biodiesel production 11, 73, 119. 
        Most oils are used in food and increasing their production would result in the use of 
arable land normally used for the growth of food. The number of people in the world is 
on an increasing trajectory with many questions posed about will there be enough land for 
the sustainable sourcing of food to feed such populations in the future. The use of arable 
land for the growth of oil to produce no food based commodities can be viewed as quite 
controversial 105, 120. Of the oils listed above, cottonseed, rice bran and tall oil are the only 
by-products of the production of another commodity making them an attractive source of 
the oil for the production of polymers. Their growth in use are less likely to divert land 
away from the growth of food. 
1.4.2 The Main Compositions of Vegetable Oils 
 (A) Acylglycerols 
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        Acylglycerols dominate the main proportion in vegetable oils. Acylglycerols can be 
formed via esterification reaction between glycerol and fatty acids. Depending on the 
number of fatty acid moieties, the acylglycerols can be monoacylagycerol, diacylglycerol 
























Figure 1.12 The structures of acylglycerols 
(B) Fatty Acids 
        Most fatty acids contain monocarboxylic acids with long-chain hydrocarbons with a 
carboxylate group at one end 121. Fatty acids are usually found in vegetable oils in 
esterified form. In order to obtain free fatty acid from vegetable oils, a hydrolysis reaction 
























Triglycerides Glycerol Free Fatty Acids  
Figure 1.13 The structures of acylglycerols and their fatty acid moieties 
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        The classification of free fatty acids is based on the degree of unsaturation and the 
length of the fatty acid chain. Generally, fatty acids constitute chain lengths of 14–24 
carbons, but occasionally carbon chain length can span the range from 2–36 or more 123. 
Based on the number of C=C double bonds in fatty acids, they can be categorized as 
saturated, monounsaturated and polyunsaturated fatty acids. Considering the double-bond 
geometry, the fatty acids also can be assigned to trans and cis fatty acids. In the cis fatty 
acid structures, the hydrogens associated double bonds are on the same side while the 
hydrogens in trans fatty acids are on the opposite sides. Based on the structure, fatty acids 
can be classified into branched, linear, cyclic, hydroxy, epoxy and furanoid fatty acids as 



















Figure 1.14 The structures of some fatty acids 
        The fatty acid profiles of vegetable oils depend on many factors such as cultivar, 
climate, year, soil, etc. A wide variety of fatty acid profiles were presented by Dubois, et 
al. 124. The fatty acid compositions in vegetable oils are shown in Table 1.1, and the 
chemical structures of main fatty acids from vegetable oils are shown Table 1.2. 
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Table 1.1 Fatty acid compositions in the major vegetable oils (typical results, % wt.) 124 
Sources FFA compositions in vegetable oils (%) 
PA SA OA LA LnA Other FFA 
Blackcurrant 7 2 11 47 17 3 
Borage 10 4 16 38 23 8 
Cocoa butter 26 34 35   5 
Coconut 9 2 7 2 –– LuA 48; MA 16 
Corn 13 3 31 52 1 –– 
Cottonseed 27 2 18 51 trace 2 
Evening primrose 7 2 9 72 10 –– 
Grapeseed 7 4 16 72 1 –– 
Linseed 6 3 17 14 60 –– 
Olive 10 2 78 7 1 2 
Palm 44 4 40 10 trace 2 
Palm kernel 9 3 15 2 –– LuA 45; MA 18 
Palm olein 40 4 43 11 trace 2 
Palm stearin 47–69 5 20–38 4–9 trace –– 
Peanut 13 3 38 41 trace 5 
Rape (high-erucic) 3 1 16 14 10 EA 50 
Rape (low-erucic) 4 2 56 26 10 EA 2 
Rice bran 16 2 42 37 1 2 
Safflower (high-linoleic) 7 3 14 75 –– 1 
Safflower (high-oleic) 6 2 74 16 –– 2 
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Sesame 9 6 38 45 1 1 
Soybean 11 4 22 53 8 2 
Sunflower (high-linoleic) 6 5 20 69 trace –– 
Sunflower (high-oleic) 4 5 81 8 trace 2 
Tall oil 5 3 46 41 3 2 
Note: FFA: free fatty acids, PA: palmitic acid, SA: stearic acid, OA: oleic acid, LA: 
linoleic acid, LnA: linolenic acid, LuA: lauric acid, MA: myristic acid, EA: erucic acid. 
Table 1.2 Structures of most common fatty acids 123 
No. C No. C=C Name Structures 
12 0 Lauric acid CH3(CH2)10COOH 
14 0 Myristic acid CH3(CH2)12COOH 
16 0 Palmitic acid CH3(CH2)14COOH 
18 0 Stearic acid CH3(CH2)16COOH 
20 0 Arachidic acid CH3(CH2)18COOH 
22 0 Behenic acid CH3(CH2)20COOH 
24 0 Lignoceric acid CH3(CH2)22COOH 
16 1 Palmitoleic acid CH3(CH2)5CH=CH(CH2)7COOH 
18 1 Oleic acid CH3(CH2)7CH=CH(CH2)7COOH 
18 2 Linoleic acid CH3(CH2)4(CH=CHCH2)2(CH2)6COOH 
18 3 Linolenic acid CH3CH2(CH=CHCH2)3(CH2)6COOH 
20 4 Arachidonic acid CH3(CH2)4(CH=CHCH2)4(CH2)2COOH 
Note: No. C: number of carbon, No. C=C: number of carbon and carbon double bonds. 
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        An interesting recent development of vegetable oils is the improvement of specific 
fatty acid content in oils via biological technology, such as high-oleic or high-linoleic 
sunflower oil, high-linoleic or high-oleic safflower oil and high-erucic or low-erucic 
rapeseed oil 87 (Table 1.1). 
        Triglycerides and their fatty acid moieties predominate the proportion of whole 
vegetable oil. Whilst they dominate the main oil fraction there are still some trace amounts 
of other compounds as contaminants in the raw vegetable oil. These include trace amounts 
of pigments, residual pesticides, phosopholipids, tocopherols, sterols, vitamins, proteins 
fragments, metals, and resinous, which are synchronously extracted from vegetable plants 
or seeds 125. The techniques chosen for both vegetable oil extraction and further 
purification highly depend on the nature of oilseeds, the economic feasibility of extraction 
and further purification processes and market demand  125. In order to improve the 
vegetable oil quality, it is imperative that extraction and purification techniques are 
explored 33. 
1.4.3 Purification Technology of Vegetable Oils and Fatty Acids 
        Many methods are used in the purification of vegetable oils and their fatty acids. 
Separation and purification of fatty acids from vegetable oil sources may be achieved by 
utilizing oil molecule differences, such as carbon chain length, bond saturation degree, 
boiling point, vapor pressure, melting point, molecular weight and solubility in different 
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solvents. Methods exploiting these differences include distillation 33, crystallization 33, 
chromatography 33, supercritical fluid extraction 33, urea inclusion method 33, processes 
involving lipase enzymes 33, derivative separation  33, and membrane filtration 33. 
1.4.3.1 Distillation Methods 
        Since the introduction of vacuum distillation at a laboratory scale in 1969, the 
distillation technique has been widely used in refining oil products by using the difference 
in vapor pressure and molecular weight of short-chain and long-chain fatty acids 33. 
Distillation has been applied in separation of fatty acid esters mixtures according to the 
differences in fatty acids boiling point and molecular weight under reduced pressure (more 
than 13 Pa) and high temperature (more than 240 ºC). The purification of oils from cod 
liver, coconut, palm kernel, peanut, sunflower, olive, soybean and menhaden 126 were 
investigated by using fractional distillation technique. However, distillation cannot be 
effective in isolating unsaturated fatty acids, especially omega 3 polyunsaturated fatty 
acids in which the double bonds are likely to be oxidized, polymerized and isomerized. 
        The advance in distillation apparatus has been developed into molecular distillation 
127-130. Compared to traditional distillation, short-path and molecular distillation require 
lower temperature and shorter heating intervals 131-132. Although the distillation 
temperatures of molecular distillation were reduced significantly, the high-price of 
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equipment as well as harsh conditions 131 (low pressure e.g. 10–6 bar) are an issue in the 
purification of cottonseed oil. 
1.4.3.2 Crystallization 
        On the basis of difference in crystallization temperature caused by the unsaturation 
degree of fatty acid, unsaturated fatty acid can be separated partially from a mixture of 
free fatty acids through adjusting temperature. Crystallization at sub-melting point 
temperature of free fatty acids, has been a useful method in purification of free fatty acids 
and their derivatives 33. 
        There are some drawbacks in the low temperature crystallization method. During the 
process of crystallization, inter-solubilization can also happen and may mix into the 
crystal fractions. It is used at very low temperature (e.g. –80 ºC) and the purity may be 
unsatisfactory because of the small difference in crystallization temperature of some free 
fatty acids (e.g. oleic acid and linoleic acid) 33. When considering the purification of 
cottonseed oil, it could be a problem to obtain very high purity free fatty acids via 
crystallization methods. 
1.4.3.3 Chromatography Techniques 
        Chromatography is a useful technique for isolating components, or solutes, or a 
mixture because components of mixture have differential rates of migration when they 
move over absorption materials in a chromatography system 133-134. Chromatography has 
37 
many advantages over some older separation techniques such as crystallization, 
distillation and solvent extraction. It can be employed with a small or large amount of 
materials with unequalled resolving power. 
        Silica gel column chromatography has been used in the separation of fatty acids from 
oils. Reversed phase column chromatography has been utilized in separation of fatty acids 
with latex powder saturated with peanut oil. Gas liquid, high performance liquid 135-136, 
counter-current 137, and centrifugal partition chromatography were used in separating fatty 
acids 33. Later, according to the difference in carbon number, unsaturation degree and 
isomerization of fatty acids, capillary column chromatography with very thin films of 
various polar phases was introduced in order to improve the resolving and separating 
ability of fatty acids 33. Capillary column chromatography is used as an analysis technique. 
In order to improve the effectiveness of separation, plenty of adsorbents have been used 
in packed column chromatography, such as silica, alumina, silica greases incorporated 
into Celite solid powder, silver nitrate-silica gel, latex, zeolite, molecular sieve, 
octadecylsilane and a liquid polyester 33. 
        Research has proven that chromatography techniques are an effective separation 
method for fatty acids and are wildly used to obtain high purity individual fatty acids. Gas 
chromatography is used commonly for analytical purposes, and liquid chromatography 
has been employed in preparation of fatty acid samples and industrial scale separation of 
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fatty acids or fatty acid esters. However, chromatography techniques are time, solvent and 
adsorbent intensive and often use complicated procedures. Therefore, chromatography is 
not a preferred option for the large-scale purification of cottonseed oil. 
1.4.3.4 Supercritical Fluid Extraction 
        Supercritical fluid extraction is the application of compressed gas in the form of 
supercritical fluid as an extraction solvent 138-139. A mixture of solutes is isolated from a 
solid matrix via supercritical fluid extraction. Nowadays, supercritical fluid extraction is 
considered a green technology, as there is no effluent produced. It has been applied in 
industrial manufacture for more than three decades 140. Carbon dioxide is the most 
common solvent in supercritical fluid extraction due to its moderate critical temperature 
and pressure, availability, relatively low toxicity, non-flammability and eco-friendly 
characteristics 141-143. Compared to traditional Soxhlet extraction methods, the extraction 
yield of seed oil increased 144. Supercritical carbon dioxide method has been used in 
refining oils and plant waste such as pomegranate seed oil 144, vitis vinifera grape wastes 
145, flixweed seed 146, sorghum bug oil 147, boletus edulis 148, grape pomace 149, freeze-
dried sargassum muticum 150, echium amoenum seed oil 151, canola seed oil 152 and 
lavender essential oil 153. By the use of supercritical carbon dioxide extraction method, the 
components such as fatty acids and polyphenols 145, oleanolic acid 149, phenolics and 
fucoxanthin 150 can be isolated from plant oils or plant waste. 
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        In order to increase extraction yield, other solvents have been used in supercritical 
fluid extraction 154, such as methanol and ethanol 155. Samedova et al. 156 introduced ionic 
liquids into supercritical carbon dioxide, enabling extraction temperatures to be further 
decreased from 81 ºC to 30 ºC. 
        Although supercritical fluid extraction has been employed in isolation and 
purification of fatty acids both from plant and animal oils, the research on purification of 
a single fatty acid from oils by using supercritical fluid extraction has rarely been reported. 
The harsh operating conditions (high pressure and low temperature), high-priced 
equipment as well as unsatisfactory separation of single free fatty acid limit its extensive 
application. 
1.4.3.5 Urea Inclusion Method 
        Urea normally forms a tightly packed tetragonal crystal structure with 5.67 Å 
diameter channels. However, under the certain conditions (e.g. in the presence of linear 
alkyl chain molecules), urea can crystallize via hydrogen bonding to form hexagonal 
crystals with cavities of 8–12 Å diameter, which provide the accommodation for aliphatic 







Figure 1.15 Tetragonal crystals and hexagonal crystals of urea 160-163. The figure was 
reproduced with the permission. 
        When urea includes free fatty acids, the inclusion process is a dynamic balance 
(Figure 1.16). 
 
Figure 1.16 Dynamic equilibrium of urea inclusion complex 157-159 
        The increasing unsaturation degree of free fatty acids reduces the likelihood of 
formation of urea complex 157-159. Similarly, any derivation from linear chain of free fatty 
acids is likely to weaken the stability of urea inclusion complex. It means that the urea 
selectively includes long-chain saturated fatty acid while branched free fatty acids and 
polyunsaturated fatty acid cannot easily enter into a urea inclusion complex. In the urea 
inclusion process, the urea can form solid crystals with saturated fatty acids, and 
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unsaturated fatty acids tend to stay in the solution. With further filtration, the solid crystals 
mostly containing of urea and saturated fatty acids can be separated from the filtrate 
containing unsaturated fatty acids. Therefore, the saturated and unsaturated fatty acids can 
be separated via the urea inclusion method 164. 
        To form the urea inclusion complex, the oil that exists in the form of triglycerides, 
needs to be split into their corresponding free fatty acids. Although both free fatty acids 
165-168 and their esters 169-172 were employed in the formation of urea inclusion complexes, 
free fatty acids are recommended as a better option because they are more soluble in 
alcoholic solvents than their ester equivalents. This can reduce the usage of alcohol during 
the urea inclusion process. Compared to using fatty acids and fatty acid methyl esters as 
starting materials, the use of fatty acid is a better option because if the fatty acid methyl 
esters are chosen, it will require recovering the fatty acids from fatty acid methyl esters 
by using hydrolysis reaction after purification. It will extend the purification processes. 
Although many solvents were served in urea inclusion process, such as ethanol-
chloroform (3:1, v/v) mixture solvents 173, formamide, acetonitrile methanol, ethanol and 
water 172, 174, ethanol and water were the better choice as the solvent of urea inclusion 
method because of their relatively low cost and low toxicity. 
        There has been a wide range of oils separated by using urea inclusion method. These 
natural oils include rapeseed oil, canola oil 165, 167, linseed oil 166, 175, fish oil 167, sunflower 
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oil 168, 176, soybean oil 169, perilla oil 170, sardine oil 177, fish oil from carp heads 178, and 
silkworm pupae oil 179. By using urea inclusion method, the unsaturated fatty acids were 
isolated from oil, particularly the polyunsaturated fatty acid (e.g. linoleic acid 175, α–
linoleic acid 179, γ–linoleic acid 180, eicosapentaenoic acid and docosahexaenoic acid 177). 
        To obtain high purity of fatty acid, of the separation techniques reported, most look 
at using a lower crystallization temperature 166 (e.g. from –4 ºC to –20 ºC), longer 
crystallization time (e.g. from 10 h to 31 h) and lower cooling crystallization rate 170 (e.g. 
–1 ºC/min to –0.2 ºC/min) to enable effective crystallization of urea and formation of urea 
inclusion complexes 165-166, 168, 170. The results demonstrated that the lower crystallization 
rate, lower crystallization temperature and higher crystallization time led to higher purity 
of polyunsaturated fatty acids. Although, a relatively high purity of linoleic acid has been 
obtained (82.2% and 91.5%, respectively), the low crystallization temperature, low 
crystallization rate and long crystallization time led to low efficiency and high cost and 
energy consumption 171. 
        Energy efficiency is an integral part in the vegetable oil purification process. The 
reduction of energy consumption in the purification process of vegetable oil can reduce 
the cost and the pollution emitted from non-renewable sources of energy. In the urea 
inclusion purification process, the main energy consumption comes from the time period 
of the crystallization process. Lower crystallization temperature (e.g. –20 ºC) and longer 
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crystallization time (e.g. 24 h) require higher energy use. A target to reducing energy use 
in the crystallization process is shrinking the crystallization time and choosing 
crystallization temperature at or near room temperature. Wu et al. 168 attempted to increase 
the crystallization temperature from below 0 ºC to 18 ºC, but the purity was unsatisfactory 
(approximately 87.8%). Hayes et al. 165 used room temperature as crystallization 
temperature (approximately 25 ºC) and also reduced crystallization time (5 to 10 min) to 
fractionate fatty acids from seed oil sources, the unsatisfactory purity (66.5% of oleic acid) 
was also the main issue. Swern et al. 181-183 obtained high purity of oleic acid (purity of 
97‒98%) or linoleic acid (purity of 66−95%) with good yield (yield of 88% of oleic acid; 
yield of 50‒90% of linoleic acid) at room temperature by repeating the urea inclusion 
separation process multiple times (two and three times) on the one vegetable oil sample. 
The reason why Swern, et al. could obtain satisfactory purity of fatty acids with high yield 
is the use of probably high concentration of oleic acid (original purity of 80%) in olive oil 
and multiple times of urea inclusion processes on one vegetable oil. But, multiple times 
of urea inclusion processes also increases the energy and time consumption. For the most 
common vegetable oil sources, how to improve the purity in maintaining the high yield is 
still a challenge, in particular considering energy saving. 
        To sum up, the urea inclusion method has been proven to have a low-impact on the 
environment since the urea and ethanol may be recovered. As an effective separation 
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method, the urea inclusion process has been employed in separation of free fatty acids 
from oils. The components of free fatty acids in oils as well as the parameters of 
purification influence the results of purity and yield. Still to be investigated is finding the 
balance point of high yield and purity of fatty acid derived from cottonseed oil through 
optimization of purification parameters. 
1.4.3.6 Enzymatic Techniques 
        The application of enzymes to prepare free fatty acids or their derivatives has been 
reported 184-187. The enzymatic purification techniques tend to consume or convert other 
fatty acid components to increase the purity of the target fatty acids. Lipases as one types 
of enzymes, are mainly served in enzymatic purification process because lipases can 
catalyze a series of reactions including esterification, transesterification and hydrolysis 
reaction under mild conditions 188-189. In order to reach the purity requirement, lipase-
catalyzed purification methods require relatively concentrated free fatty acids to work 190-
191. As it is difficult to obtain high purity free fatty acids from oils, the methods are not 
easily applicable to cottonseed oil. Therefore, enzymatic methods always combine with 
other purification techniques in order to obtain high purity free fatty acids 192. 
1.4.3.7 Other Separation Methods 
        By using the difference in solubility, molecular weight and melting point, other 
separation methods have been used in separation of free fatty acids from vegetable oils, 
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such as membrane separation 193-196, derivatives separation 197-198, ionic exchange resin 
separation 199, ionic polymers separation 200 and separation by mixed solvents 201. 
        These separation methods also have some disadvantages 33. For example, membrane 
and ion resin absorption separation are inefficient and the procedures are complicated. 
Derivatives and mixed solvents separation are difficult to obtained high purity single fatty 
acid because the difference between derivatives in physical properties is subtle. After 
purification, the free fatty acids derivatives need to be further treated to obtain free fatty 
acids, which extend the purification processes. Therefore, these methods are not suitable 
for the purification of cottonseed oil. 
1.5 Vegetable Oil-Based Polymers 
        With the development of polymeric technology, a variety of vegetable oil-based 
polymers have been synthesized, and most of them have been used in paintings and 
coatings because the unsaturated oil composition can be oligomerized or polymerized and 
further cross-linked when exposed to air 13. The application of functionally modified 
techniques into the synthesis of new reactive monomers derived from vegetable oils has 
extended vegetable oil-based polymeric systems because the modified monomers exhibit 
higher polymeric activity 13. Relatively new polymeric methods also have been used in 
the production of polymers from vegetable oils. Herein, a brief review on the 
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polymerization techniques and vegetable oil-based polymers are discussed in the 
following sections. 
1.5.1 Polymerization Techniques 
        The synthesis of polymers with well-defined compositions, structures and 
functionalities depend on the development of polymerization techniques. The main 
advances in the synthesis of vegetable oil-based polymers have used free radical, 
condensation, cationic, and olefin metathesis polymerization. 
1.5.1.1 Free Radical Polymerization 
        Radical chain-growth polymerization reactions are considered one of the most 
common polymerization techniques. Many unsaturated reactive monomers such as 
acrylates, methacrylates, acrylamides, styrene and vinyl esters have traditionally been 
polymerized to produce polymeric products via conventional radical polymerization 13, 
202. Vegetable oils containing unsaturated fatty acids provide a platform for free radical 
polymerization. Some vegetable oils, such as the conjugated linseed oil and conjugated 
low saturated soybean oil, are more likely to polymerize via free radical polymerization. 
Most conjugated vegetable oils have been copolymerized with various co-monomers 
derived from fossil sources, such as divinylbenzene, acrylonitrile, dicyclopentadiene, 
styrene, methyl methacrylate and n-butyl methacrylate 13, 203. However, the majority of 
vegetable oils are non-conjugated, and they have low polymerization activity. Therefore, 
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the use of vegetable oil in the production of polymers normally involved the functional 
modification and further polymerization. These chemical modification and 
functionalization methods aimed to the synthesis of new reactive monomers which have 
higher polymerization activity 203. 
        It is significantly worth noting that the controlled radical polymerization has been 
widely employed in the past two decades. Nitroxide-mediated radical polymerization 204, 
Atom Transfer Radical Polymerization (ATRP) 205 and Reversible Addition 
Fragmentation Chain Transfer (RAFT) polymerization are the most prominent 
representatives as controlled radical polymerization 206. The simplified mechanisms of 
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Figure 1.17 The simplified mechanism of several radical polymerizations 
        RAFT polymerization is considered to be one of most powerful living polymerization 
protocols due to its characteristics including controlled polymerization process, complex 
polymeric architectures with controlled molecular weight and low polydispersity, as well 
as various constructed functionality. The currently accepted mechanism of the RAFT 
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process is depicted in Figure 1.18 207. The most significant difference between RAFT 
polymerization and conventional radical polymerization is reversible addition-
fragmentation equilibrium as shown in step 2 and step 4. The propagating radical (Pn•) 
originated from the reaction of radicals (I•) and monomers (M) reacts with the C=S group 
from RAFT agent (1) (chain transfer agent, CTA) to generate an intermediate radical (2). 
The intermediate radical (2) is possible to fragment into a new radical (R•) and a dormant 
chain (polymeric thiocarbonylthio compound) (3). After the reinitation (step 3), the new 
propagating radical (Pm•) will be formed. The chain transfer steps (step 2 and step 4) 
comprise the main equilibria involving an exchange of functionality between propagating 
radicals and dormant polymer chains (Pn• and Pm•, called macro-RAFT agents,) which can 
enable all of the chains to have equal chance to grow, leading to a similar degree of 
polymerization. The termination reaction (step 5) in RAFT polymerization can be 
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Figure 1.18 Mechanism for RAFT polymerization 207. The figure was reproduced with 
the permission. 
        Research on the production of polymers from vegetable oils via the use of RAFT 
polymerization is rarely reported in the literature. Therefore, the studies on the synthesis 
of polymers derived from vegetable oils via controlled radical polymerization should be 
extended. 
1.5.1.2 Condensation Polymerization 
        Most of the vegetable-based polyesters, polyamides, polyurethanes and epoxy resins 
were synthesized by condensation polymerization reaction. The simplified condensation 
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polymerization mechanism 208 is presented in Figure 1.19. Polyesters can be mainly 
synthesized from three routes including polycondensation of diacid and diol, hydroxyl 
acids, and ring-opening polymerization of lactones 13. Aliphatic polymers such as 
polyesters were synthesized always accompanying with strict requirements involving 
reactants stoichiometry, catalysts, high temperature and high pressure. Enzyme-catalysis, 
as an eco-friendly alternative catalyst, has been demonstrated effectively in constructing 
polymers by polycondensation methods from hydroxyl or x-carboxyl functionalized fatty 
acids 209-211, however, low molecular weight of synthesized polyesters has limited the 





Figure 1.19 Condensation polymerization 
1.5.1.3 Cationic Polymerization 
        The unsaturated double bonds in vegetable oils are slightly more nucleophilic than 
those of ethylene and propylene, which makes them more reactive towards cationic 
polymerization 202. Cationic polymerization of vegetable oils can be initiated under mild 
conditions in the presence of Lewis acids, such as titanium tetrachloride, aluminum 
chloride, zinc chloride, tin tetrachloride, and boron trifluoride 212. The simplified 
polymerization mechanism 13 is demonstrated in Figure 1.20. Vegetable oil-based 
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homopolymers by the use of cationic polymerization initiated by boron trifluoride diethyl 
etherate have been reported 13. In the polymerization process, some alkene co-monomers, 
such as styrene, divinylbenzene, norbornadiene and dicyclopentadiene are usually 






















Figure 1.20 Cationic polymerization 
1.5.1.4 Olefin Metathesis Polymerization 
        The olefin metathesis reaction involved a metal-catalysed exchange of alkylidene 
groups (Figure 1.21). Boelhouwer and Mol 212 reported the olefin metathesis of 
unsaturated fatty acid esters, in which methyl oleate was converted into equimolar amount 
of 9-octadecene and dimethyl 9-octadecenedioate in the presence of catalysts (tungsten 
hexachloride and tetramethytin). Various transition-metal (tungsten, molybdenum, 
rhenium, and ruthenium) complexes, in particular Grubbs’ Ruthenium catalyst, 
(Cy3P)2Cl2Ru=CHPh, have been shown to promote the olefin metathesis of vegetable oils 
with solvent-free, low catalyst concentrations, moderate temperature and pressure 212. 
53 
Also, the olefin metathesis reaction has been used in synthesis of vegetable oil-based 
polymers via ring-opening metathesis polymerization, acyclic diene metathesis 









Figure 1.21 Olefin metathesis polymerization 
1.5.2 Triglyceride Based Polymers Derived from Vegetable Oils 
        The components of vegetable oils are mainly triglycerides which are esters of 
glycerol with three long-chain fatty acids 210. The structures of triglycerides depend on the 
source of vegetable oils 44, as well as growth conditions, seasons 213 and purification 
techniques 33, which significantly influence the compositions of fatty acids. 
        There has been a wide range of triglyceride oil-based polymers produced from a wide 
range of vegetable oil resources. These vegetable oils include castor oil, soybean oil, 
sunflower oil, linseed oil, tung oil, ecballium elaterium oil, P. mahaleb oil, rubber seed 
oil, karinatta oil, orange seed oil, melon seed oil, rapeseed oil, olive oil, tallow oil, soybean 
oil, coconut oil and tall oil, oiticica oil and vernonia seed oil 12. These synthesized 
polymers including triglyceride-based polyurethanes, polyester, polyamides, vinyl 
polymers and epoxy resin, which have been used in many different applications such as 
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coatings, phase transfer catalysts, ion conducting materials, insulators, membranes, 
composites, plastics, medical products and fibres 12. 
        In order to synthesis triglyceride-based polymers, many chemical modification 
methods (enzymatic catalysis and organic chemical reaction) and polymerization 
techniques (poly-condensation and free radical polymerization) have been used 12. For 
example, in order to synthesize triglyceride-based polyurethanes, the triglyceride oils were 
initially converted into triglyceride oil-based polyols via a partial alcoholysis reaction with 
glyceride. Some triglyceride oils containing unsaturated fatty acids were converted into 
triglyceride oil-based poly-isocyanates. In order to reduce the environmental impact, 
lipase catalysed polymerization reactions have been employed in preparation of polyesters 
under mild reaction conditions 12, but the problem of improving the degree of 
polymerization of synthesized polyesters is a challenge. 
        The use of triglycerides in synthesis of polymers is more difficult to precisely 
fabricate controllable polymer structures due to the chemical structure uncertainty of 
triglycerides in vegetable oils 214. Jahniaval et al 214, characterized the triglyceride 
compositions in five types of vegetable oils, more than 30 types of triglyceride 
composition were presented in the structures of triglycerides in each vegetable sample. 
Moreover, some impure matters from vegetable oils were mixed into synthesized 
polymers leading to the reduction of the desirable properties of the polymers produced. 
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1.5.3 Oleic Acid Based Polymers 
        Oleic acid is a monounsaturated fatty acid containing a C=C double bond. It can be 
considered as a promising candidate as a bio-based starting materials because it contains 
unsaturated carbon-carbon double bonds and carboxylic acid 215. The majority of research 
on the development of oleic acid and its derivatives, purification of oleic acid from 
vegetable oils 10, 216, synthesis of biofuel 217-219, modifier 220 or treatment agents in 
synthesis of nanoparticles 221, medical area 222-223, polymerizing monomers from 
commercial oleic acid 224, have attracted an increased attention. 
        With commercial oleic acid as a starting material (the purity ranging from 90% to 
99%), plenty of oleic acid-based monomers have been synthesized. Such as oleic acid-
based diisocyanates 225-227 (prepared by a serial of Curtius rearrangement reactions), oleic 
acid-based polyols 228-235, the precursors of polyesters 236-238, diols and amino acid 239, 
vinyl-ended monomers 240-241 and methacrylic-ended monomers 242-244. These monomers 
were subsequently polymerized into oleic acid based polyurethanes, polyesters 237 (with 
the molecular weight of 15, 5.3, 4.4 and 50 kg/mol, respectively), polyesteramides 239 
(with the molecular weight in the 2 × 104 and good tensile strength ranging from 8.5 to 
19.6 MPa), copolymers and homopolymers, respectively. These synthesized polymers 
were shown a promising application in medical products 225-227, coatings 235, electrical 
products 231 and foams 234. 
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        Considering the environmental issues, the method of preparation of entirely bio-
based polyurethanes via using isocyanate routine and AB-type self-polycondensation 
reactions 245 (Figure 1.22) were recommended because of low impact in the process of 
preparation, renewable resource, and potential biodegradability. The challenge is how to 
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Figure 1.22 Synthesis of corresponding polyurethane 
        Compared to the synthesis methods of other polymers, vinyl-ended polymers tend to 
use minimum chemical reaction processes. It can be considered as a good starting point 
in investigating the research question for this work. The homopolymers and copolymers 
derived from oleic acid will be reported because they are relevant to this project. 
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        To synthesize oleic acid based homopolymers and copolymers, the oleic acid was 
initially converted into vinyl-ended 240-241 or methacrylic-ended 242 oleic acid-based 
monomers or other type of oleic acid-based monomers due to its low self-polymerization 
ability. 
        The majority of research focused on preparation of oleic acid-based monomers by 
using organic chemical reactions. Vinyl group 241 (Figure 1.23a) or methacryl group 224, 
242, 246-247 (Figure 1.23b) was introduced into the chain of oleic acid and linoleic acid. The 
catalysts include {Ir(cod)Cl}2 and 1 wt.% the chromium (Ш)-based catalyst (AMC–2, a 
mixture of 50% trivalent organic chromium complexes and 50% phthalate esters). Maiti 
et. al. 224 used 4-dimethylaminopyridine as a catalyst in the presence of 
































(a)Vinyl oleate, (b) and (c) oleate methacrylate 
Figure 1.23 Synthesis of oleic acid-base reactive monomers 
        These synthesized vinyl oleic acid-based monomers were subsequently polymerized 
into copolymers (the number-average molecular weight ranging from 1000 to 3000) or 
homopolymers (yield of 50% for oleic acid, below 10% for linoleic acid) via 
polymerization. It is important to note that the maximum amount of oleic acid-based 
monomer or linoleic acid-based monomer incorporation is very low (maximum 45%). The 
majority of the mole fraction are due to petroleum-based monomers, such as vinyl acetate 
(ranging from 83% to 97%), styrene 244 (55%), methyl methacrylate and ethylene glycol 
dimethacrylate 247 and 4-vinyl benzene sulfonic acid 248. 
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        In order to decrease the environmental impact, an enzymatic synthesis method was 
conducted on the preparation of oleic acid-based epoxy monomer in the presence of an 



























Figure 1.24 Synthesis of oleic acid-based epoxy monomer and its polymer 
        Another preparation approach of oleic acid-based copolymers was incorporating 
oleic acid into petroleum-based monomers or polymers. These petroleum-based 
monomers including N-isopropylacrylamide, N,N-dimethylacrylamide 249, methyl 
methacrylate, di-butyl-phthalate 250 and polymers including acrylonitrile-butadiene-
styrene terpolymer 251, polypropylene 252 and low-density polyethylene (Figure 1.25) were 
used 253. The oleic acid was used as a chain-terminating agent in copolymerization with 
incorporating content below 10% 253. It revealed that the activity of carbon-carbon bonds 
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Figure 1.26 Synthesis of oleic acid-ended capped copolymers 
1.5.4 Linoleic Acid Based Polymers 
        Linoleic acid Linoleic acid, as one of the most abundant polyunsaturated fatty acids 
in human nutrition, plays an important role in human health 254. The majority of research 
on linoleic acid has focused on the preparation and application of conjugated linoleic acid 
255-262. Few studies have reported the use of linoleic acid in the preparation of polymers in 
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biomedical 263, electronic devices 264 and coatings 265. These polymers included linoleic 
acid grafted chitosan 266-268, polyester 269, polyurethane 270 and linoleic acid-based 
copolymers 241, 244, 271-275.  
        The utilization rate of linoleic acid in synthesis linoleic acid-based chitosan was quite 
low (below 20%). The synthesis process of linoleic acid-based polyurethane is very 
similar to the process of the synthesis of triglyceride-based polyurethanes with low 
utilization ratio of linoleic acid 270. 
        Hazer et al. 271-275 prepared polymeric linoleic acid peroxide (PLina) via the 
peroxidation and epoxidation reactions of linoleic acid in air at room temperature (Figure 
1.27). The polymeric linoleic acid peroxide was used as a macroinitiator to copolymerize 
with commercial petroleum-based monomers to form grafted polymers: poly(methyl 
methacrylate)-g-poly(linoleic acid)-g-poly(3-hydroxy alkanoate) multi-graft copolymers 
271, poly(linoleic acid)-g-polystyrene, poly (linoleic acid)-g-poly(methyl methacrylate), 
poly (linoleic acid)-g-poly(n-butyl methacrylate) 272, poly(n-isopropyl acryl amide)-g-
poly(linoleic acid) 273, poly(linoleic acid)-g-poly(styrene)-g-poly(ε-caprolactone) and 
poly(linoleic acid)-g-poly(ε-caprolactone) 274. Another approach is initially to synthesize 
linoleate methacrylate 244 or vinyl linoleate 241 (Figure 1.28) which can further be 


















Figure 1.27 Preparation of polymeric linoleic acid or linolenic acid peroxide (Adapted 













Figure 1.28 Methacrylic linoleate (a) and vinyl linoleate (b) 
        In summary, although the linoleic acid was incorporated into the polymer chain, the 
proportion of linoleic acid moieties in the synthesized polymeric chain was quite low (e.g. 
linoleic acid-based chitosan below 20% 266-268, polyurethane 270 and copolymers 241, 244, 271-
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275 below 50%). No reports involved polymers derived from linoleic acid via RAFT 
polymerization.  
1.5.5 Palmitic Acid Based Polymers 
        Palmitic acid is a C16–saturated fatty acid, which is naturally found in palm oil and 
palm kernel oil, as well as in butter, cheese, milk and meat. Studies of palmitic acid 
focused on the synthesis of phase change materials, biofuel, and surfactants. Few reports 
were involved in the preparation of palmitic acid-based polymers. 
        Rajput et. al. 276 produced transparent polyurethane films with a molecular weight 


































































Figure 1.29 Synthesis of polyurethane containing palmitic acid 
        Maiti and De 277 used pure commercial palmitic acid to synthesize a macro-chain 
transfer agent and then was copolymerized with the commercial poly(ethylene glycol) 
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Figure 1.30 Synthesis of palmitic acid-based polymer and copolymer 
        The reason why pure palmitic acid is rarely used in the preparation of polymers is 
likely due to the fact that it has just a single carboxylic acid, compared with oleic acid and 
linoleic acid which both contain carboxylic acid and carbon-carbon bond. More research 
on palmitic acid-based polymers should be investigated. 
1.6 Summary of Literature Review 
        The majority of polymer products are derived from fossil fuel sources, in particular 
petroleum oil. Because of the nonrenewable fossil sources, as well as the increasing 
environmental issues caused by the production of petrochemicals, the progress in finding 
eco-friendly and sustainable resources to replace fossil sources both in industry and 
65 
academic research is very important. Many renewable resources from nature have been 
used in making chemicals and polymers, such as carbon dioxide, the extracts from plant 
leaves, stems, roots, seeds and flowers, and some products from fungi and bacteria. 
Vegetable oils are one of the attractive renewable feedstocks in the production of 
polymers. Most studies have focused on the use of triglycerides in synthesis of polymers 
since triglycerides provide more reactive groups, which are easily modified and further 
polymerized, compared to the use of fatty acids. However, the compositions of 
triglycerides from vegetable oils have many irregularities in their chemical structures 
because fatty acid compositions of glyceride have more than 30 different structures. The 
irregularities in triglycerides chemical structures lead to irregular properties of final 
polymers. The use of a sole pure fatty acid from vegetable oil can eliminate the problems 
caused by the irregularities in triglycerides chemical structure since the structure of a sole 
pure fatty acid is defined, but obtaining high purity fatty acid from vegetable oil with 
relatively low cost and low polymerization activity of fatty acids become the challenges. 
        Many separation and purification techniques have been used to refine vegetable oils 
and their fatty acids. These techniques have both advantages and disadvantages. For 
example, the fractional or molecular distillation techniques always require extremely high 
temperature, which can easily result in degradation of C=C double bonds in unsaturated 
fatty acids during the refining process. Chromatography requires a large amount of solvent 
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and is time-consuming. The purity of fatty acid using the enzymatic method and low 
temperature crystallization method does not satisfy industrial requirements. The high cost 
and experimental condition (high pressure) impede supercritical fluid extraction 
technique’s extensive application in refining oil. Membrane filtration is time-consuming 
and ineffective, which is less likely to scale up. In order to obtain pure fatty acid, the urea 
inclusion method tends to use a relatively low crystallization temperature (e.g. –20°C or 
lower), long crystallization time (e.g. 10 h or longer) and multiple iterations of urea 
inclusion treatment. Compared to other purification techniques, the urea inclusion method 
is still relatively low-impact on the environment and technically simple, scalable as well 
as offering the possibility of recycling urea and solvents. Consequently, the urea inclusion 
method has been considered in this research as a starting point to obtain different purity 
levels of fatty acid from cottonseed oil. 
        In conclusion, vegetable oils have been regarded as a promising candidate to replace 
petroleum oil in the production of polymers. In vegetable oils, fatty acids are the main 
components, accounting for at least 90%. Most efforts have focused on the increase of the 
purity and the yield of sole specific fatty acid derived from vegetable oils for the 
improvement of their nutrition value. However, most of the purification methods of fatty 
acids from vegetable oils are time-consuming, energy-consuming with high cost. 
Research into fatty acid-based polymers are mainly focused on the synthesis of 
67 
copolymers between modified reactive fatty acid-based monomers and other fossil-based 
reactive monomers (e.g. styrene and methyl methacrylate), but the proportion of fatty acid 
moieties in the whole polymeric chain was very low. Moreover, research on tailoring 
controlled polymer architectures based on vegetable oil sources by the use of living 
polymerization methods still has a broad gap. The relatively high cost of sole pure fatty 
acid also becomes the barrier for the industrialized polymeric products. It is worthy of 
study on how pure must a fatty acid be to achieve a usable polymer derived from vegetable 
oil. 
1.7 Preliminary Studies and Key Hypothesis 
1.7.1 Research Knowledge Gaps 
        Cotton crops mainly serve the textile industry as cotton fibers are the main product 
of the crop. The fibers can be used in making soft and breathable clothing and other cotton 
fiber products. In order to increase the yield and quality of cotton fibers, most of the cotton 
crops are genetically modified since the genetically modified cotton has excellent 
environmental resistance towards drought, insects and pests. In cotton production, 
cottonseeds are the by-products dominating the main weight of cotton (approximately 
60%). Cottonseeds are normally used in feeding animals and making cottonseed oil for 
cooking. The consumption of cottonseed oil has been expected to decrease because of the 
trace toxin (e.g. gossypol and pesticides) and the customers’ concern on genetically 
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modified food, which have a perceived potential risk for human health. The proportion of 
use of cottonseed oil as an industrial feedstock is small, about 6.0% and few studies 
involved the use of fatty acids from cottonseed oil in the production of polymers. 
Therefore, cottonseed oil will be used in this study. 
1.7.2 Research Question and Sub-Research Questions 
        The research question of this study is: How pure must the purified oil be to achieve 
usable polymers derived from cottonseed oil? 
        In order to answer the main research question, some sub-research questions are 
addressed below: 
        (1)  How to develop a purification method for purifying fatty acids from cottonseed 
oil with controllable purity? 
        (2) What is the minimum purity of a fatty acid from cottonseed oil to achieve a usable 
polymer? 
        (3) In cottonseed oil, which component causes the biggest influence on the properties 
of synthesized polymers? 
        (4) How do other components in cottonseed oil can affect the properties of the final 
polymers? 
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1.7.3 Specific Aims 
        (1) Obtain a modified existing low energy method for purifying fatty acids from 
cottonseed oil with controlled purity. 
        (2) Synthesize different purity reactive monomers and final polymers derived from 
cottonseed oil. 
        (3) Build up the relationship between fatty acid purity on the properties of the reactive 
monomers and final polymers. 
        (4) Investigate the effect of impure components (other fatty acids) from cottonseed 
oil on the properties of synthesized polymers. 
        (5) Maximally incorporate the content of fatty acids from cottonseed oil into the 
polymeric chain. 
        (6) Explore the potential applications of synthesized polymers derived from 
cottonseed oil. 
1.7.4 Outline of the Thesis 
        In this research, a solution for turning fatty acids from cottonseed oil with varying 
purity into polymers has been provided. More importantly, the studies of this thesis focus 
on: how pure must a fatty acid be to achieve a useable polymer? In order to address this 
question, the outline of this thesis has focused on the purification of some specific fatty 
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acids from cottonseed oil with controllable purity, the synthesis of reactive monomers 
with varying purity, and the synthesis of final polymers with varying purity. 
        (1) The purification of some specific fatty acids from cottonseed oil with controllable 
purity is a starting point to obtain the feedstock for the production of polymers. In this 
part, an accurate characterization method of measuring the fatty acid concentration in 
vegetable oil has been built up. Urea inclusion method plus ultrasound technique was used 
in the purification process, and the main purification parameters have been investigated 
and further optimized. An optimized model was set up to predict the purification results. 
        (2) Due to the low polymerization activity of fatty acids in cottonseed oil, two 
different functional groups including acrylate and methacrylate were introduced in the 
fatty acid chain at room temperature by using esterification reaction. In order to have a 
good understanding on the effect of fatty acid purity on the properties of its reactive 
monomer and final polymer, a series of standard monomer and polymer samples from 
pure fatty acids were synthesized by the use of the same methods. These reference samples 
were helpful to understand how other fatty acid as impurities influence the properties of 
their monomers and polymers. The molecular structures of monomers were confirmed and 
some of the properties were investigated. The effect of incorporated functional groups and 
purity of fatty acid on the properties were studied. 
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        (3) Reversible Addition-Fragmentation chain Transfer Polymerization, (commonly 
known as RAFT) was used in the synthesis of RAFT polymers from fatty acids since it 
enables design of polymer with controlled structures and molecular weight. The RAFT 
method uses relatively mild polymerization conditions compared to other living 
polymerizations. The effects of the length of the fatty acid chain, the degree of 
unsaturation of the fatty acid, functional groups and the purity of fatty acids on the 
properties of the final RAFT polymers were studies. 
        (4) In order to extend the applications of the techniques developed from this research 
on other vegetable oil sources, a GM high oleic acid content cottonseed oil was used. The 
compositions, structures, and properties of high oleic acid content cottonseed oil, the 
reactive monomers and the final RAFT polymers with different proportion oleic moieties 
were investigated.   
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2. Purification of Fatty Acids from Cotton Seed Oil 
2.1 Introduction 
        Vegetable oils, as one type of fatty acids source, are used in both food 90, 278 and non-
food products 91. The purity of fatty acids does not only affect the nutrition value in food, 
but also may influence the properties of final polymer products synthesized from the fatty 
acids. For instance, the commercial application of unsaturated fatty acids in coatings, 
paints and pharmaceuticals requires a number of fractionation processes, which 
necessitates separation and removal of saturated fatty acids from vegetable oils. The 
efforts on the separation and purification techniques of vegetable oils have mainly focused 
on the purity improvement of specific fatty acids 167-168, 279-280. However, how pure a fatty 
acid purified from a vegetable oil can be achieved a usable polymers deserves more 
research. 
        As an important producer in the world cotton market, the Australian cotton industry 
generates in excess of 2 billion Australian dollars in export revenue annually 281. 
Cottonseed oil, as a co-product of cotton fiber production, contains high proportion of 
unsaturated fatty acids, such as linoleic acid and oleic acid, which provide an attractive 
platform for the production of polymers. In this study, cottonseed oil was chosen as a fatty 
acid source to investigate the effect of purity levels of a purified fatty acid on the properties 
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of the final polymers. First and foremost, obtaining a series of different purity levels of 
fatty acids from cottonseed oil becomes the starting point. In cottonseed oil, the linoleic 
acid dominates the main proportion and it was regarded as the target fatty acid product. In 
the purification process, the urea inclusion method was used in preparation of different 
purity levels of linoleic acid derived from cottonseed oil since it is technically simple, 
effective and reliable in obtaining pure fatty acids. 
        In this chapter, an accurate characterization method was developed by the use of 
internal standardization gas chromatography. The calibrated gas chromatography was 
used for identification and quantification of fatty acids in cottonseed oil and purified oil. 
In the purification process, four main factors including the ratio of urea-to-fatty acids, the 
ratio of urea-to-ethanol, crystallization temperature and time, were investigated. A single 
factor experimental method was conducted to narrow the levels of variables for further 
optimization experiments. Afterwards, the response surface methodology was employed 
in the urea inclusion process in order to maximize the yield and the purity. Ultrasound was 
employed in the process of urea inclusion, with ultrasonic time as the main factor was 
investigated. 
2.2 Materials 
        Cottonseed oil (70% of unsaturated fatty acid), myristic acid (≥99%), palmitic acid 
(≥99%), linoleic acid (≥99%), oleic acid (≥99%), stearic acid (≥98.5%), arachidic acid 
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(≥99%), behenic acid (99%), lignoceric acid (99%), cholesterol (≥99%), pyridine 
(≥99.9%), hexamethyldisilazane (HMDS, ≥99.0%), trifluoroacetic acid (TFA, 97%) and 
urea (≥99%) were purchased from Sigma-Aldrich. Potassium hydroxide (KOH, 85.8%), 
anhydrous sodium sulphate (Na2SO4, 100.1%), sodium chloride (NaCl, 99.8%), petroleum 
spirit (BP. 40–60 °C) were supplied by VWR. Ethanol (99.5%), sodium bicarbonate 
(NaHCO3, 99.7%) and concentrated hydrochloric acid (HCl, 36.5%) were provided by 
Chem-Supply Pty Ltd. 
2.3 Internal Standardization of Gas Chromatography 
        An accurate and reliable characterization method for the determination of the 
composition of cottonseed oil and the purified oil is very important. Two main calibration 
methods including internal and external standardization methods have been used in gas 
chromatography. The internal standardization method is normally recommended in the 
calculation of the composition of vegetable oils 282. 
        In this section, the internal standard method 282-284 was chosen as the quantification 
method to determine the response factor and concentration of each component presented 
in each sample. The cholesterol trimethylsilyl ester was used as the internal standard. 
Standard fatty acid trimethylsilyl ester solutions with different concentrations were 
prepared. A constant amount of internal standard (115 ppm) was added to each sample. 
Each sample was subsequently tested by gas chromatography in triplicate to verify the 
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consistency, reliability and reproducibility of the response factor. The peak areas of the 
analyte and internal standard were measured and calculated as the area ratio between the 
analyte and the internal standard as shown in Equation 2.1. The area ratio was plotted 
against the concentration ratio as shown in Equation 2.2. The response factors were 
obtained from the slope of the graph by using Equation 2.3. 




AAR =                                                                                                2.1 
where Ai  is the area of the ith component, and Ais is the area of the internal standard. 




CCR =                                                                                                2.2 
where Ci  is the concentration of the ith component, and Cis is the concentration of the 
internal standard. 




ARRF =                                                                                               2.3 
where ARi  is the area ratio of the ith component, and CRis is the concentration ratio of the 
ith component. 
        The response factors were used to calculate the concentration of fatty acids in the 
sample. Equation 2.3 was re-arranged to calculate the unknown samples concentration as 
shown in Equation 2.4.  
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=                                                                                           2.4 
where ARij  is the area ratio of the ith component of the jth sample, and RFi  is the response 
factor (RF) of the ith component. 









iR PP                                                                                 2.5 
where Pi  is the proportion of the ith component. 
2.3.1 Preparation of Standard Solutions 
        The derivatization reaction of fatty acid and cholesterol was conducted as described 
in Figure 2.1. Each fatty acid standard was accurately weighed (around 100 mg) and then 
was dissolved in pyridine (10 mL) in a 25 mL Reacti-vial™. Hexamethyldisilazane (1 
mL) and trifluoroacetic acid (0.1 mL) were added to the vial, and then it was sealed. The 
mixture was heated at 60 °C for 1 hour. The reacted solution was cooled down to room 
temperature. The silylated fatty acid ester standards were washed with saturated sodium 
bicarbonate solution (50 mL, 3 times) followed by saturated sodium chloride solution (50 
mL, 3 times). After the removal of pyridine in vacuo, the fatty acid trimethylsilyl ester 
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standards were obtained. The cholesterol trimethylsilyl ester (as the internal standard) was 









Fatty Acids Hexamethyldisilazane Fatty Acid Trimethylsilyl Ester  
Figure 2.1 The derivation reaction of fatty acid standards and internal standard 
        The pure trimethylsilyl fatty acid esters were accurately weighed by an analytical 
balance (Mettler ToledoTM MS-TS, Thermo Fisher, USA) with the accuracy of 0.0 mg. 
And eight different concentrations of fatty acids standards containing 115 ppm of internal 
standard were prepared into 1 mL vials and then injected into GC-MS to develop the 
calibration curves. 
2.3.2 Gas Chromatography-Mass Spectroscopy 
        Each prepared sample was analyzed by using gas chromatography-mass 
spectroscopy (GC-MS) in an Agilent 5973 MSD and 6890 GC (Agilent Technologies, 
USA). The procedure was described in the following steps 285. Initially, each sample was 
injected into a PE-XLB N931–6484 capillary column (0.25 µm × 0.25 mm × 30 m; J & 
W Scientific, USA) which contained 5% phenylmethyl-polysiloxane stationary phase. 
Ultrahigh purity helium was used as the carrier gas at the flow rate of 1.0 mL/min. The 
injection volume was 1 µL. The injection temperature was 250 °C, while the interface 
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temperature was 300 °C. The initial temperature was 60 °C, and was held for 1 min.  Then 
the temperature was ramped to 200 °C at the rate of 15 °C/min. It was then held for 1 min 
before the second ramp at a rate of 5 °C/min to 300 °C. This was then held isothermally 
for 25 min. Every sample was analyzed in triplicate. 
2.3.3 Results and Discussion 
2.3.3.1 Standards Curves by Using Calibration GC-MS Method 
        In preliminary experiments, two internal standards (nonadecanoic acid trimethylsilyl 
ester and cholesterol trimethylsilyl ester) were chosen in the calibration of the GC-MS 
method. Although nonadecanoic acid trimethylsilyl ester has an effective separation in the 
mixture of other pure fatty acid standards, the solution of nonadecanoic acid trimethylsilyl 
ester and pyridine was unstable even when it was stored at low temperature (4.8 °C). The 
cholesterol trimethylsilyl ester solution was more stable over a period of 6 months. The 
chromatogram of the fatty acid trimethylsilyl ester standards and the internal standard are 
shown in Figure 2.2. In order to have a good visualization, the enlarged chromatogram of 
mixture of fatty acid trimethylsilyl esters is shown in Figure 2.3. 
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Figure 2.2 The chromatogram of fatty acid standards and internal standard (IS) 



















































































































































































 (a) Myristic acid trimethylsilyl ester, (b) palmitic acid trimethylsilyl ester, (c) linoleic 
acid (purple color) and oleic acid trimethylsilyl ester (olive color), (d) stearic acid 
trimethylsilyl ester, (e) arachidic acid trimethylsilyl ester, (f) behenic acid trimethylsilyl 
ester, (g) lignoceric acid trimethylsilyl ester, and (h) cholesterol trimethylsilyl ester. 
Figure 2.3 The enlarged chromatogram of each fatty acid standard and internal standard 
    From the chromatogram, each fatty acid trimethylsilyl ester was completely 
separated during the chromatography process. For the purpose of clarity, the solvent peak 
(pyridine) is not shown in Figure 2.2 and Figure 2.3 as it elutes prior to the fatty acid 
trimethylsilyl esters. Trimethylsilyl palmitate appeared at a retention time of 13.34 min 
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followed by trimethylsilyl linoleate, trimethylsilyl oleate, and trimethylsilyl stearate 
(C18:0), and the peaks of the other three fatty acid trimethylsilyl esters appeared at a 
retention time of 15.41, 15.48, 15.52and 15.85 min respectively. The silylated cholesterol 
ester (internal standard) appeared at a retention time of 27.78 min. 
    The calibration curves of all fatty acid trimethylsilyl ester standards and error bars 
are shown in Figure 2.4, while the Table 2.1 summarizes the linear equation, R-square 
values and response factors. 
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Standard curves of (a) myristic acid, (b) palmitic acid, (c) linoleic acid, (d) oleic acid, (e) 
stearic acid, (f) arachidic acid, (g) behenic acid, and (h) lignoceric acid. 
Figure 2.4 Calibration curves of fatty acid standards 
Table 2.1 Linear equation, R-square value for each fatty acid standard 
Component Linear equation R-squared value Response factor 
Myristic acid y=0.7926x–0.1111 0.9983 0.7926 
Palmitic acid y=0.7969x–0.1169 0.9991 0.7969 
Linoleic acid y=0.6457x–0.1106 0.9992 0.6457 
Oleic acid y=0.7722x–0.0784 0.9954 0.7722 
Stearic acid y=0.8908x–0.1114 0.9986 0.8908 
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Arachidic acid y=0.8298x–0.1402 0.9994 0.8298 
Behenic acid y=0.7471x–0.1255 0.9989 0.7471 
Lignoceric acid y=0.5392x–0.0984 0.9970 0.5392 
        The standard curves showed a very consistent response and R-squared values were 
greater than 0.995. It indicated that the calibration curves were satisfactory. When the 
concentration ratio was below 1.5, the curves showed a good linear correlation. 
2.4 Characterization of Cottonseed Oil and Its Fatty Acids 
        The first important component of this research was to determine the types and 
concentrations of fatty acids in raw cottonseed oil that used in this research. 
2.4.1 Preparation of Free Fatty Acids from Cottonseed Oil 
    The free fatty acids (FFA) released from cottonseed oil were prepared according to 
Wanasundara and Shahidi 286 with some small changes (Figure 2.5). 
 
Figure 2.5 Preparation of free fatty acids from cottonseed oil 
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        Cottonseed oil (25 g), KOH (5.75 g), distilled water (11 mL) and 95% (v/v) ethanol 
(66 mL) were placed into a 200 mL 2-neck round bottom flask and the mixture was stirred 
until the KOH had dissolved. The solution was heated to 65 °C for 2 h under a nitrogen 
atmosphere. Afterwards, distilled water (50 mL) was added into the solution followed by 
petroleum spirit (B.P. 40–60 °C, 50 mL). The petroleum spirit layer was dried over 
Na2SO4 and then was evaporated by the removal of solvent and the unsaponifiable matters 
were obtained (0.1 g, a yield of 0.40%). The aqueous layer was acidified by adding 3 N 
HCl aqueous solution until a pH value of 1 was reached. Petroleum spirit (100 mL) was 
added and the light yellow layer was separated and dried with anhydrous Na2SO4. After 
filtration, the solvent of petroleum spirit was evaporated via rotatory evaporation. The 
light yellow liquid was obtained (a yield of 88.3%). 
2.4.2 Composition Analysis of Cottonseed Oil and Fatty Acids 
        The cottonseed oil’s and FFA’s corresponding fatty acid trimethylsilyl esters were 
prepared according to the standard procedures 287-288. Each sample containing 115 ppm of 
internal standard (cholesterol trimethylsilyl ester) was determined by GC-MS, which was 
mentioned in the section 2.3. 
2.4.3 Fourier Transform Infrared Spectroscopy 
        The Fourier transform infrared spectroscopy (FT-IR) spectra of cottonseed oil and it 
fatty acids were recorded by using Attenuated Total Reflection (ATR, diamond crystal, 
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4000–600 cm–1) on a Bruker Tensor 70 FT-IR spectrophotometer (Bruker, Germany) with 
64 times scanning. The FT-IR curves were adjusted by using baseline correction and 
atmosphere compensation treatment. 
2.4.4 Results and Discussion 
2.4.4.1 Composition Analysis of Cottonseed Oil 
        By using the saponification reaction, unsaponifiable matters (0.40%) were removed 
from cottonseed oil. These unsaponifiable matters probably include some traces of 
vitamins, sterol, gossypol and other matters 214, 287, 289-290. The yield of fatty acids was 
approximately 88.3% because the triglycerides in cottonseed oil were transformed to free 
fatty acids and glycerol. The majority of weight loss was caused by the removal of the 
glycerol content (11.2%) of the cottonseed oil. 
2.4.4.2 Fatty Acid Compositions in Cottonseed Oil 
        The composition of each fatty acid in cottonseed oil was identified by comparing 
their elution times with those of standard materials and was quantified as the area 
































































































 (a) Chromatogram of fatty acids, (b) enlarged peak of myristic acid, (c) enlarged peak 
of palmitic acid in cottonseed oil, and (d) enlarged peaks of fatty acids in cottonseed oil. 
Figure 2.6 GC curves of fatty acids in cottonseed oil 
        As shown in Figure 2.6, fatty acid esters from cottonseed oil were mainly separated 
into six isolatable peaks by GC-MS. The cottonseed oil mainly contains myristic, palmitic, 
linoleic, oleic and stearic acid. Palmitic acid, linoleic acid and oleic acid dominate the 
proportion of cottonseed oil with the peak position of 13.34, 15.41 and 15.48 min, 
accounting for approximately 98.1%. The myristic acid was present in trace amounts in 
cottonseed oil. The compositions of the three main fatty acids were 21.5% (palmitic acid), 
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25.9% (oleic acid), and 50.7% (linoleic acid). The above results of fatty acid compositions 
in cottonseed oil were consistent with published results 214, 291-294 (linoleic acid, 49.0%–
52.1%; oleic acid, 16.6%–22.9 %; and palmitic acid, 21.8 %–27.2 %). 
Table 2.2 Free fatty acid composition in cottonseed oil 















Note: MA: myristic acid, PA: palmitic acid, LA: linoleic acid, OA: oleic acid, SA: 
stearic acid, and FFARem: the remnant fatty acids (unknown). 
2.4.4.3 Mass Spectra of Free Fatty Acids 
        The mass spectra of corresponding fatty acids in cottonseed oil separated by GC are 
represented in Figure 2.7. 
 




(b) Mass spectrum of palmitic acid trimethylsilyl ester 
 
(c) Mass spectrum of linoleic acid trimethylsilyl ester 
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(d) Mass spectrum of oleic acid trimethylsilyl ester 
 




(f) Mass spectrum of stearic acid trimethylsilyl ester 
 
(g) Mass spectrum of cholesterol trimethylsilyl ester 
Figure 2.7 Mass spectra of different fatty acid esters from cottonseed oil 
        Comparing with mass spectra of corresponding fatty acid standards, the fatty acids 
in cottonseed oil were mainly identified as myristic acid (C14:0), palmitic acid (C16:0), 
linoleic acid (C18:2), oleic acid (C18:1), linolenic acid (C18:3), and stearic acid (C18:0). 
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2.4.4.4 FT-IR Spectra of Cottonseed Oil and FFA 
        The cottonseed oil and its free fatty acids (FFA) samples were investigated by FT-IR 
as shown in Figure 2.8. 












Figure 2.8 FT-IR spectra of cottonseed oil and FFA 
        FT-IR spectra can detected the changes of functional groups including the presence 
or absence of specific functional groups and the intensity change of specific absorption 
peaks. The broad peak between 3500 cm–1 and 2500 cm–1 emerged in the FFA is normally 
associated with the presence of  –OH groups. The peak at 3012 cm–1 contributing to 
stretching vibration of cis C=C double bonds of unsaturated fatty acids, where an 
asymmetrical and symmetrical C–H stretching band showed the absorbance at 2937 and 
2855 cm–1 fatty acid hydrocarbon groups 295. The C=O (ester) stretching vibration 
presented at 1742 cm–1 296. The bending vibrations of –CH2 and –CH3 aliphatic groups 
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appeared at 1460 cm–1. The band at 1376 cm–1 was attributed to the bending vibrations of 
CH2 groups. The stretching vibrations of C–O ester group appeared at 1161 cm–1. The 
position of C=O absorption peak of FFA was lower than that of cottonseed oil. The reason 
is that the formation of carboxylic acid in the FFA resulted in the peak C=O shifting to a 
lower wavenumber 297. The intensity of aliphatic groups (CH2 and CH3) increased. 
Noticeably, a new peak appeared at 935 cm–1, which was related to trans-fat 298-300. 
2.5 Purification of Fatty Acids-Single Experimental Analysis 
        Vegetable oils derived from different sources have different fatty acid compositions. 
The proportion of each fatty acid in vegetable oils will influence the purification results. 
Purification parameters can also influence the results of purity and yield of fatty acids. 
Based on the literature review, four main parameters including the ratio of fatty acids to 
urea, the ratio of solvent ethanol to urea, crystallization temperature and crystallization 
time directly influence the purity and yield of the purified fatty acid from vegetable oils. 
Therefore, the single factor experimental method was used to find out that how each 
parameter influence the yield and purity of purified fatty acids from cottonseed oil. 
2.5.1 Urea Inclusion Purification Method 
        The purification of free fatty acids (FFA) released from cottonseed oil was carried 
out by urea inclusion method according to the scheme as summarized in Figure 2.9. 
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        FFA from cottonseed oil (2.0 g), the specified amount of urea and 95% ethanol were 
added in a 50 mL round bottom flask with a condenser under an atmosphere of nitrogen 
with magnetic stirring. The mixture was heated to around 85 °C until the whole mixture 
turned into a clear homogeneous solution. The homogeneous solution was cooled rapidly 
to 21 °C for 5 min by shaking the reaction flask under flowing tap water. The crystal 
fraction (CF) and filtrate fraction (FF) were thus obtained after filtration by using a 
Buchner funnel and filter paper (Whatman, No 1, 125 mm). 
        The crystal fraction was dissolved in hot distilled water (50 °C) and then the pH value 
of solution was adjusted to around 5 by adding 6 M HCl aqueous solution. Petroleum spirit 
(B.P. 40–60 °C, 20 mL) was subsequently added. The solution was vigorously stirred and 
then was transferred to a separation funnel to allow separation. The petroleum spirit layer 
containing FFA was separated from the aqueous layer containing urea. The petroleum 
spirit layer was dried by anhydrous sodium sulphate and then was filtered. After that, the 
solvent was removed by using a rotary evaporator. The yield of FFA from crystal fraction 
(FFACF) was calculated. Similarly, the filtrate fraction was treated in a similar fashion in 




Figure 2.9 The scheme of purification of FFA by urea inclusion method 
2.5.2 Single Factor Experiment 
        Each single parameter including the ratio of urea-to-FFA, the ratio of ethanol-to-urea, 
crystallization temperature and time were individually investigated while other factors 
were kept fixed. The procedure was carried out according to Figure 2.9. 
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2.5.2.1 Effect of the Ratio of Urea-to-Free Fatty Acids 
        The optimization of the ratio of urea-to-free fatty acids (1:1, 2:1, 3:1, 4:1, and 5:1) 
was conducted using the ratio of ethanol-to-urea (3:1), crystallization temperature (21 °C), 
and crystallization time (5 min). 
2.5.2.2 Effect of the Ratio of Ethanol-to-Urea 
        The optimization of the ratio of ethanol-to-urea (3.1:1, 4:1, 5:1, 6:1, 7:1, and 8:1) was 
conducted at the ratio of urea-to-free fatty acids (2:1), crystallization temperature (21 °C), 
and crystallization time (5 min). 
2.5.2.3 Effect of Crystallization Time 
        The optimization of crystallization time (5 min, 10 min, 30 min, 60 min, 90 min, and 
120 min) was conducted at the ratio of urea-to-free fatty acids (2:1), the ratio of ethanol-
to-urea (4:1), and crystallization temperature (21 °C). 
2.5.2.4 Effect of Crystallization Temperature 
        The optimization of crystallization temperature (–19 °C, 1.5 °C, 10 °C, 21 °C, 29.5 
°C, and 38 °C) was conducted at the ratio of urea-to-free fatty acids (2:1), the ratio of 
ethanol-to-urea (4:1), and crystallization time (60 min). 
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2.5.3 Characterization of the Purified Fatty Acids 
2.5.3.1 Purity Analysis of the Purified Fatty Acids 
        The purified fatty acids from the crystal fraction and filtrate fraction were converted 
into fatty acid trimethylsilyl esters. In brief, purified fatty acids from cottonseed oil (20.0 
mg) were added into a Reacti vial™ (10 mL), followed by pyridine (1.0 mL), HMDS (1.0 
mL) and TFA (0.1 mL). The solution was heated at 60 °C for 1h and then was cooled 
down to room temperature. The prepared solution was diluted to 100 mL with pyridine 
and then a constant amount of internal standard (115 ppm) was added. 1.0 mL of the 
solution was sealed in 1.0 mL vials, and then was analyzed by GC-MS as mentioned in 
section 2.3.2. The purity of the purified fatty acids was calculated by the measured area 
under the curve of each fatty acid (shown in the section 2.3).  
2.5.3.2 Yield of the Purified Oil 







WY                                                                                    2.6 
where WPF is the weight of purified fatty acids, and WF0 is the weight of initial fatty acids 
before urea inclusion. 
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2.5.4 Results and Discussion 
2.5.4.1 Gas Chromatogram of Free Fatty Acids 
        After determining the concentration of different FFA from cottonseed oil, the next 
step was to undertake the purification of cottonseed oil by the use of urea inclusion 
method. The formation of urea inclusion needed two main processes 170. Firstly, free fatty 
acids and urea were dissolved in ethanol at a high temperature. Subsequently, the saturated 
fatty acids and monosaturated fatty acids gradually entered into channels provided by the 
hexagonal crystal of urea during the crystallization process. After filtration, the urea 
inclusion process resulted in two outputs. One was the FFA contained in the urea in the 
crystal fraction after filtering and the other was FFA contained in the filtrate fraction. The 
fatty acids from cottonseed oil were purified when urea-to-FFA 2:1, ethanol-to-urea 4:1, 
temperature 21 °C and time 10 min. 

















































Figure 2.10 Chromatograms of fatty acids from crystal fraction and filtrate fraction 
 
The enlarged GC curves of (a) myristic acid and (b) palmitic acid from the crystal 
fraction, (c) fatty acids from the crystal fraction, and (d) fatty acids from the filtrate 
fraction. 
Figure 2.11 Enlarged chromatograms of Figure 2.9 and Figure 2.10 
        In the crystal fraction (Figure 2.10a and Figure 2.11a, 2.11b, 2.11c), palmitic acid 
dominated the main proportion followed by linoleic acid and oleic acid. The results 
indicated that the crystal fraction did not prove to have a satisfactory separation because 
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it still included a large amount of linoleic acid and oleic acid. In the filtrate fraction (Figure 
2.11d), the main components were linoleic acid and small amount of oleic acid. Based on 
the chromatography results, high purity linoleic acid can be obtained from the filtration 
fraction by the use of urea inclusion method. Therefore, in the purification of cottonseed 
oil, high purity of linoleic acid was regarded as the target product from the filtrate fraction. 
        The chromatogram in Figure 2.11d indicated that oleic acid was the main filtrate 
fraction contamination in the purified linoleic acid. Decreasing the amount of oleic acid 
in the filtrate fraction was the key point to improve the purity of linoleic acid by adjusting 
the purification parameters. In the crystal fraction (Figure 2.11a, 2.11b, 2.11c), it still has 
a certain amount of linoleic acid. Therefore, in order to increase the overall yield of 
linoleic acid from cottonseed oil, the purification process with several times was employed 
in the following section. 
2.5.4.2 Effect of the Ratio of Urea-to-FFA on Purity and Yield of Linoleic Acid 
        The ratio of urea-to-FFA is a significant factor for urea inclusion. The urea provides 
the crystal channels for the accommodation of fatty acids. In the preliminary experimental 
results, the ratio of urea-to-FFA chosen from 0.2:1 to 1:1 led to unsatisfactory results on 
the purity results of linoleic acid from the filtrate fraction (58.7%, 58.9%, 64.5% and 
74.2% respectively). When the ratio of urea-to-FFA was 1:1, the purity of linoleic acid 
increased rapidly from original 50.7% to 74.2%. The unsatisfactory results on the purity 
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of linoleic acid were obtained when the ratio of urea-to-FFA was below 1:1. Therefore, 
the ratio of urea-to-FFA of 1:1 was chosen in the single factor experimental method. 




























(a) The purity and (b) yield of linoleic acid from the filtration fraction. 
Figure 2.12 Effect of urea-to-FFA ratio on purity and yield of linoleic acid 
        Based on Figure 2.12a, the purity of linoleic acid from the filtrate fraction firstly 
increased and then decreased with the increasing amount of urea. The yield of linoleic 
acid showed an opposite trend (Figure 2.12b). The maximum purity of linoleic acid was 
approximately 94.0% when the ratio of urea-to-FFA was 2:1. In the urea inclusion process, 
the more urea used, the more channels were available for fatty acids to form urea 
complexes. The fatty acids from the filtrate fraction entered into the crystal fraction, which 
led to the decrease of yield of linoleic acid in the filtrate fraction. Consequently, a ratio 
2:1 of urea-to-FFA was selected in further experiments. 
        Jiang et al. 169 chose the ratio of urea-to-FFA ranging from 0.5:1 to 1.5:1 for the 
purification of soybean oil. The results showed the highest purity of linoleic acid obtained 
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was 67.0%. The unsatisfactory purity results could be due to the low ratio of urea-to-FFA 
and relatively low reactive temperature (75 °C) during the formation of homogenous 
solution. Gu et al. 170 pointed out that increasing reaction temperature increased the 
solubility of the urea in the solvent, which enhanced the effect of urea inclusion. 
Preliminary experimental results showed that the increase of reaction temperature caused 
the increase of solubility of urea, especially when the ratio of ethanol-to-urea was low 
(e.g. 3:1). However, excessively high temperature (>90 °C) led to oxidization of 
unsaturated fatty acids, and deeper color of homogenous solution was observed. 
Therefore, in this research, the reaction temperature selected was 85 °C. 
2.5.4.3 Effect of the Ratio of Ethanol-to-Urea on Purity and Yield of Linoleic Acid 
        The formation of a homogenous urea solution also relied on the use of solvent, which 
can influence the dissolution process of urea and fatty acids during urea inclusion. The 
types and usage amount of solvent can influence the purification results. Methanol and 
ethanol normally serve as the solvent in the urea inclusion method. Strohmeier et al 172 
achieved separation of fatty acid alkyl esters from tallow oil by the use of methanol and 
acetone at low temperature (–22 °C for 4 h). The results showed the maximum purity of 
oleic acid was obtained 69.8%. The use of methanol as the solvent did not dramatically 
improve the purity of fatty acid. As methanol is toxic, ethanol is a significantly better 
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solvent choice due to its lower impact on the environment and humans. The effect of the 
ratio of ethanol-to-urea on the purification results was investigated. 





























(a) The purity ad (b) yield of linoleic acid from the filtrate fraction. 
Figure 2.13 Effect of ethanol-to-urea ratio on purity and yield of linoleic acid 
        With an increasing amount of ethanol, the purity of linoleic acid from the filtrate 
fraction decreased (Figure 2.13a). In contrast, increasing amount of ethanol from 3.1:1 to 
8:1 (mL/g) brought a higher yield of linoleic acid (Figure 2.13b). It is attributed to the 
more fatty acids dissolving in ethanol and remaining in the filtrate fraction. More fatty 
acid dissolving in the filtrate fraction resulted in reduced purity and higher yield of linoleic 
acid. To obtain the best yield and purity of linoleic acid, a 4:1 ratio of ethanol-to-urea was 
adopted in the next experiments. 
2.5.4.4 Effect of Crystallization Time on Purity and Yield of Linoleic Acid 
        Crystallization time is another influential factor in the urea inclusion process. The 
cooling step, also called crystallization process, was used to promote urea complexation 
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between urea and fatty acids under low temperature for a certain crystallization time 163. 
To achieve low crystallization temperature requires a long crystallization time. For 
instance, Wu et al. 168 chose the crystallization temperature ranging from 0 to –20 °C with 
crystallization time from 3 to 31 h. Wanasundara et al. 286 used the range of 6 to –24 °C 
as crystallization temperatures and maintained the temperatures for 8–28 h. However, low 
crystallization temperature and long crystallization time mean high energy consumption 
and low efficiency. Jiang et al. 169 discussed the effect of crystallization time on the purity 
of unsaturated fatty acids from soybean oil. A crystallization time of 6 h was chosen for 
the remainder of separation experiments since the purity of linoleic acid increased slightly 
(approximately 1.0 %). Considerable reduction in crystallization time in the urea inclusion 
is worthy of study. The influence of crystallization times on purity and yield of linoleic 
acid were investigated. 





























(a) The purity and (b) yield of linoleic acid from the filtrate fraction. 
Figure 2.14 Effect of crystallization time on purity and yield of linoleic acid 
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        As shown in Figure 2.14b, with the increasing crystallization time, the yield of 
linoleic acid from the filtrate fraction has shown a substantial increase by 20%. Based on 
the theory of urea complexation 157, the process of urea inclusion is a dynamic equilibrium. 
In this dynamic equilibrium process, the complexing and decomplexing of the complex 
formed between urea and fatty acids is competitive. The crystal fraction still has a certain 
amount of linoleic acid and oleic acid as shown in Figure 2.10a. More monounsaturated 
fatty acid (oleic acid) from the filtration fraction excluded linoleic acid, which existed in 
the crystal fraction when the crystallization time was extended. The excluded linoleic acid 
hence entered in the filtrate fraction, which led to the increasing yield of linoleic acid in 
the filtrate fraction. Compared to the results from literature 170, the crystallization time in 
this research was significantly reduced from 10 h 170 to minimum 10 min. 
2.5.4.5 Effect of Crystallization Temperature on Purity and Yield of Linoleic Acid 
        Different crystallization temperature can significantly influence the formation of urea 
inclusion complexes 163.The crystallization temperature has been investigated by a number 
of researchers who were investigating the separation of different types of vegetable oils 
33, 165-168, 170, 286. One option was to use a quite low crystallization temperature (e.g. –20 °C 
168, 170) for a long period of time (e.g. 17 h 168 and 10 h 170) in the urea inclusion process. 
Although higher purity of linoleic acid (97.2%) from sunflower oil 168 and higher purity 
of α-linoleic acid from perilla oil 170 were achieved by using this method, the increased 
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energy costs in reaching these lower temperatures, as well as long crystallization time, 
may outweigh the purity benefits. Meanwhile, the use of lower temperatures in the 
experimentation in this research showed that although high purity of linoleic acid could 
be achieved, it was at a detriment to yield (only 14.8%) 168. 
        Room temperature as the crystallization temperature can considerably reduce the 
energy consumption. Room temperature crystallization has been employed with 
reasonable success in the separation of oleic acid (97% of purity) from olive oil 182, and 
linoleic acid (85–95%) from corn oil 183. In these papers, a high concentration fatty acid 
vegetable oil (original purity of oleic acid in olive oil: 80.2%) 182 and multiple repeats of 
the inclusion process on one oil sample 183 were used. That was the probable reason for 
the achievement of the high purity of fatty acid. For normal vegetable oil sources, by using 
urea inclusion one time at room temperature, the purity results were not satisfactory. 
Hayes et al. 165 chose room temperature (20–25 °C) to separate oleic acid from low-erucic 
acid rapeseed oil, only 75.7% purity of oleic acid was obtained from urea inclusion 
compounds. 
        Modified cooling speeds have been used in urea inclusion in order to obtain higher 
purities of the separated oils. Gradient cooling temperatures were also seen to have an 
effect on perilla oil separation 170. In this research, five gradient crystallization 
temperatures (–4, –8, –12, –16 and –20 °C) were employed with gradient cooling speed 
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of –0.2 °C/min and the final crystallization temperature was set at –20 °C for 10 h. The 
complex gradient process only increased purity by 10.9% of α-linoleic acid (from 
approximately 71.0% to maximum 81.9%) from perilla oil. 
        Different vegetable oil sources led to different purification results by the use of urea 
inclusion 165, 168, 170, 182-183. The effect of crystallization temperature on the purification of 
cottonseed oil was investigated. 





























(a) The purity and (b) yield of linoleic acid from the filtrate fraction. 
Figure 2.15 Effect of crystallization temperature on purity and yield of linoleic acid 
        As shown in Figure 2.15, the lower crystallization temperature led to higher purity 
(Figure 2.15a) but lower yield (Figure 2.15b) of linoleic acid in filtrate fraction. The 
results are consistent with the literature 168. The formation of urea complexation became 
easier with decreasing crystallization temperature 169. With lower temperature separation, 
the physical properties including melting point and freezing point of fatty acid influence 
the purity results. Fatty acids in the filtrate, in particular unsaturated fatty acids (e.g. oleic 
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acid), can form solid crystals at lower temperature (e.g. –20 °C). The solid crystals mixed 
with urea inclusion compounds and were separated after filtration. The decrease of oleic 
acid in the filtrate fraction improved the purity of linoleic acid and reduced the yield of 
linoleic acid from the filtrate fraction. The results from Figure 2.15 also implied that the 
dissociation of the urea complex formed by urea and fatty acids could easily be conducted 
at high crystallization temperatures. Room temperature as crystallization temperature is 
recommended when the requirement of purity is not high since it is relatively energy-
saving. 
2.6 Response Surface Methodology 
2.6.1 Optimization of Parameters 
        In single experimental section, the effect of four main factors on the purity and yield 
of linoleic acid from cottonseed oil were individually investigated. The results showed 
that higher purity of linoleic acid was often associated with lower yield. How to increase 
the yield of linoleic acid when the purity is satisfied became the next research point. The 
interactions between factors can simultaneously influence the purification results. The 
central composite design-response surface methodology 301-304 was implemented as many 
factors and interactions were considered. The factors including the ratio of urea-to-free 
fatty acids (X1), the ratio of ethanol-to-urea (X2), crystallization temperature (X3) and 
crystallization time (X4), were investigated by using the optimal method. Each variable 
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was coded –2, –1, 0, +1 and +2. Five replicates at the centre (0, 0, 0, 0) of this design were 
conducted to allow the estimation of the pure error. All experimental processes were 
performed randomly in order to minimize the effect of extraneous factors on the responses. 
The independent variables and their levels are represented in Table 2.3. 
Table 2.3 Independent variables and their levels for central composite design 
Independent variables Code Variable levels 
–2 –1 0 +1 +2 
Urea-to-fatty acid ratio (g/g) X1 1 2 3 4 5 
95% Ethanol-to-urea ratio (mL/g) X2 3 4 5 6 7 
Crystallization temperature (°C) X3 –18 0 10 20 30 
Crystallization time (min) X4 30 40 60 90 120 
2.6.2 Results and Discussion 
2.6.2.1 Optimizing Process Design and Statistical Analysis 
        The yield of linoleic acid from the filtrate fraction was calculated gravimetrically and 
the purity of linoleic acid was obtained by using the calibrated GC-MS (shown in the 
Chapter 2 section 2.3). All optimizing experimental results are shown in Table 2.4. 
        The results (Table 2.4) show that the purity and yield can be adjusted via the use of 
different purification parameters. The maximum yield (51.3%) with 84.2% purity of 
linoleic acid was obtained from the filtrate fraction when 2:1 ratio of urea-to-FFA, 6:1 
ratio of ethanol-to-urea, and 0 °C for 40 min. The highest purity of linoleic acid from the 
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filtrate fraction reached 93.6% when 3:1 ratio of urea-to-FFA, 5:1 ratio of ethanol-to-urea, 
and –18 °C for 60 min. Wu et al. 168 have reported similar results for the separation of 
linoleic acid derived from sunflower oil. The values on the purity of linoleic acid 168 were 
relatively higher than the data in Table 2.4. The reason is that probably the original purity 
of linoleic acid in sunflower oil (59.4%) is higher than that of cottonseed oil (50.7%) in 
this research. The longer crystallization time (≥10 h) and lower crystallization temperature 
(–10 °C) led to higher purity values of linoleic acid. Although the highest purity of linoleic 
acid from cottonseed oil is 4.6% lower, the crystallization time dramatically decreased, 
and the purity of linoleic acid still reached the technical requirements. 
Table 2.4 Central composite design arrangement and responses 
Run Variables Levels (X) Responses, Y (FF) 
(X1) (X2) (X3) (X4) Yield (%) Purity (%) 
1 2.0 4.0 0.0 40.0 21.8 84.7 
2 4.0 4.0 0.0 40.0 18.3 85.2 
3 2.0 6.0 0.0 40.0 53.1 84.2 
4 4.0 6.0 0.0 40.0 28.9 88.0 
5 2.0 4.0 20.0 40.0 30.5 85.7 
6 4.0 4.0 20.0 40.0 35.2 85.2 
7 2.0 6.0 20.0 40.0 42.2 78.8 
8 4.0 6.0 20.0 40.0 41.0 83.8 
9 2.0 4.0 0.0 90.0 25.7 89.8 
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10 4.0 4.0 0.0 90.0 34.2 90.3 
11 2.0 6.0 0.0 90.0 45.0 84.2 
12 4.0 6.0 0.0 90.0 32.5 85.5 
13 2.0 4.0 20.0 90.0 29.6 85.2 
14 4.0 4.0 20.0 90.0 36.4 84.5 
15 2.0 6.0 20.0 90.0 40.5 77.0 
16 4.0 6.0 20.0 90.0 38.6 78.5 
17 3.0 5.0 10.0 60.0 27.0 85.7 
18 3.0 5.0 10.0 60.0 30.4 85.5 
19 3.0 5.0 10.0 60.0 22.7 84.5 
20 3.0 5.0 10.0 60.0 25.4 86.1 
21 1.0 5.0 10.0 60.0 32.4 76.8 
22 5.0 5.0 10.0 60.0 23.0 90.7 
23 3.0 3.0 10.0 0.0 19.7 81.0 
24 3.0 7.0 10.0 60.0 23.6 81.1 
25 3.0 5.0 –18.0 0.0 38.9 93.5 
26 3.0 5.0 30.0 60.0 52.4 73.1 
27 3.0 5.0 10.0 30.0 35.1 82.7 
28 3.0 5.0 10.0 120.0 33.5 81.7 
29 3.0 5.0 –18.0 60.0 27.5 93.6 
30 3.0 5.0 10.0 60.0 36.0 87.1 
Note: X1: the ratio of urea/FFA, X2: the ratio of ethanol/urea, X3: crystallization 
temperature, X4: crystallization time, and FF: the filtrate fraction. 
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2.6.2.2 Model Fitting 
        The quadratic polynomial regression model was used to predict the responses 
including Y1 and Y2. The model was assumed for each response of Y using the following 















ii XXXXY ββββ                                           2.7 
Where, β0 is the coefficient of intercept, βi are the ith coefficient of linearity, βii are the 
quadratic coefficient, βij are linear by linear interaction coefficients terms, and the Xi and 
Xj are the independent variables. 
    The Design Expert software (Version 8.0.6, USA) was employed for response 
surface method multiple regression analysis and optimization of the purity and yield data 
of linoleic acid from cottonseed oil with input parameters. The statistical model including 
linear, quadratic and interaction coefficient was conducted by analysis of variables with 
F-test to obtain the statistical relationship between input parameters and output 
parameters, as well as by the analysis of ridge maximum of data in the response surface 
regression process. The model was evaluated by the determination of the significance of 
the F-value with p ≤ 0.05. The values of R2, lacking of fit and adequate precision of 
models, were obtained to test the quality of the suggested polynomial and the analysis of 
variance 303. Response surfaces and contour plots were performed using the fitted 
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quadratic polynomial equations obtained from response surface regression process 
analysis in which the independent variables were fixed with the least effect on the response 
at two constant values but with variation of the levels of two other variables. To visualize 
the input-output relationships, the quadratic polynomial equation was presented as a 
response surface. 
    To examine the correlation between the responses and parameters, the models 
including linear, two-factor-interaction (2FI), cubic and quadratic were tested by analysis 
of variance 301. The results indicated that compared to other models, the quadratic models 
fit the experimental data well. Thus, only the quadratic model is discussed in this work. 
The quadratic regression coefficient was obtained by using a least square method to 
predict quadratic polynomial models for yield (Yy) and purity (YP) of linoleic acid (Table 
2.5). 
Table 2.5 Regression coefficients of the predicted quadratic polynomial model for 
responses (yield and purity of linoleic acid) in filtrate fraction (FF) 
Variables Coefficients (β) 
Yield of linoleic acid (%), Yy  Purity of linoleic acid (%), YP 
Actual Coded  Actual Coded 
Constant –62.34 28.95  56.18 86.09 
X1 9.91 –4.02  –0.23 2.78 
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X2 36.31 8.23  7.97 –3.00 
X3 0.38 2.11  0.37 –8.15 
X4 –0.83 9.81  0.28 1.45 
X1X2 –3.53 –14.10  0.74 2.95 
X1 X3 0.25 12.00  –5.00×10−3 –0.24 
X1X4 0.06 5.76  –0.02 –2.03 
X2X3 –0.18 –8.70  –0.09 –4.32 
X2X4 –0.059 –5.29  –0.05 –4.59 
X3X4 –5.89×10−3 –6.36  –3.16×10−3 –3.42 
X12 –0.10 –0.40  –0.06 –0.23 
X22 –1.61 –6.45  –0.73 –2.93 
X32 0.03 14.74  –4.71×10−4 –0.27 
X42 7.92×10−3 16.03  5.91×10−4 1.20 
R2 0.82 –  0.79 – 
        By the use of regression analysis, the coefficients of independent variables developed 
by the quadratic polynominal models (Table 2.5) for the yield (Yy) of linoleic acid and the 
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       Equation 2.8 and 2.9 showed that the yield and purity of linoleic acid from cottonseed 
oil have a complex relationship with independent variables that encompass both first-order 
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and second-order polynomials. The analysis of variances for the fitted models is presented 
in Table 2.6 and Table 2.7. 
Table 2.6 Analysis of variance for response surface quadratic model on the response Yy 
(yield) of the central composite design 




F-Value p-Value Significance 
Model 1818.81 14 129.92 4.46 0.0034 Significant 
X1 62.15 1 62.15 2.14 0.1645 Insignificant 
X2 259.97 1 259.97 8.93 0.0092 Significant 
X3 17.18 1 17.18 0.59 0.4542 Insignificant 
X4 197.69 1 197.69 6.79 0.0198 Significant 
X1X2 198.81 1 198.81 6.83 0.0196 Significant 
X1X3 100.00 1 100.00 3.44 0.0835 Insignificant 
X1X4 41.52 1 41.52 1.43 0.2508 Insignificant 
X2X3 52.56 1 52.56 1.81 0.1989 Insignificant 
X2X4 35.05 1 35.05 1.20 0.2897 Insignificant 
X3X4 35.25 1 35.25 1.21 0.2884 Insignificant 
X12 0.26 1 0.26 9.03×10−3 0.9256 Insignificant 
X22 68.17 1 68.17 2.34 0.1467 Insignificant 
X32 490.49 1 490.49 16.86 0.0009 Significant 
X42 199.05 1 199.05 6.84 0.0195 Significant 
Residual 436.47 15 29.10    
Lack-of-fit 316.19 9 35.13 1.75 0.2546 Insignificant 
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Pure error 120.27 6 20.05    
Cor total 2255.28 29     
Table 2.7 Analysis of variance, the effect of variables for response surface quadratic 
model on the response YP (Purity) of the central composite design 




F-Value p-Value Significance 
Model 504.95 14 36.07 3.96 0.0060 Significant 
X1 29.68 1 29.68 3.26 0.0910 Insignificant 
X2 34.63 1 34.63 3.81 0.0700 Insignificant 
X3 256.68 1 256.68 28.21 < 0.0001 Significant 
X4 4.35 1 4.35 0.48 0.5001 Insignificant 
X1X2 8.70 1 8.70 0.96 0.3436 Insignificant 
X1X3 0.04 1 0.04 4.40×10−3 0.9480 Insignificant 
X1X4 5.16 1 5.16 0.57 0.4631 Insignificant 
X2X3 12.96 1 12.96 1.42 0.2512 Insignificant 
X2X4 26.34 1 26.34 2.90 0.1095 Insignificant 
X3X4 10.18 1 10.18 1.12 0.3070 Insignificant 
X12 0.09 1 0.09 9.46 ×10−3 0.9238 Insignificant 
X22 14.06 1 14.06 1.55 0.2329 Insignificant 
X32 0.17 1 0.17 0.018 0.8942 Insignificant 
X42 1.11 1 1.11 0.12 0.7320 Insignificant 
Residual 136.48 15 9.10    
Lack-of-fit 119.04 9 13.23 4.55 0.0395 Significant 
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Pure error 17.44 6 2.91    
Cor total 641.43 29     
        The significance of the quadratic models were performed by analysis of variance 
followed by F-value, which was employed to estimate the significance of each term. The 
associated p-value was also applied to estimate the significance of each term. The models 
and each term were statistically significant when p-value was lower than 0.05. According 
to the results in Table 2.6 and Table 2.7, X2, X4, X1X2, X32, X42 are significant terms for 
the yield of linoleic acid, and X3 (crystallization temperature) is the most significant factor 
for the purity of linoleic acid in the purification process.   
2.6.2.3 Response Surface and Contour Plotting 
        The response surfaces and contour plots were obtained by the use of fitted quadratic 
polynomial equation from the response surface regression analysis when two independent 
variables were kept as constant values whilst two other variables were changed 303. The 
relationships between independent and dependent variables are shown in the 3-D 
representation as response surface plots. The contour plots, known as the curves of equal 






Note: (a)–(f): contour plots; (A)–(F): response surfaces plots. 
Figure 2.16 Effect of two-parameter-interaction on yield of linoleic acid 
        As shown in Figure 2.16, the yield of linoleic acid from the filtrate fraction increased 
with an increasing ratio of ethanol-to-urea (Figure 2.16A, 2.16D and 2.16E), 
crystallization temperature (Figure 2.16B, 2.16D and 2.16F), time (Figure 2.16C, 2.16E 
and 2.16F) and decreasing ratio of urea-to-FFA (Figure 2.16A, 2.16D and 2.16E). Among 
these four factors, the ratio of ethanol-to-urea was the most significant factor on the yield 






Note: (a)–(f): contour plots; (A)–(F): response surfaces plot. 
Figure 2.17 Effect of two-parameter-interaction on purity of linoleic acid 
        The effect of interactions between two factors on the purity of linoleic acid from the 
filtrate fraction was presented in Figure 2.17. The purity of linoleic acid from the filtrate 
fraction presented an increasing trend by an increasing ratio of urea-to-FFA (Figure 
2.17A, 2.17B and 2.17C) or an increasing ratio of ethanol-to-urea (Figure 2.17A, D and 
E) or a longer crystallization time (Figure 2.17C, 2.17E and 2.17F) or a lower 
crystallization temperature (Figure 2.17B, 2.17D and 2.17F). As shown in Figure 2.17F, 
the longer crystallization time and lower crystallization temperature led to higher purity 
of linoleic acid from the filtrate fraction. The results were consistent with the literature 168. 
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2.6.2.4 Optimization Based on Canonical Analysis 
    The 3D response surface plots and 2D the contour plots as shown in Figure 2.16 and 
Figure 2.17 did not only present the interactions of two variables on the yield and purity 
of linoleic acid from the filtration fraction, but also provided the predicable quadratic 
polynomial models 286. 
    To sum up, the model of the purification of linoleic acid from cottonseed oil was 
developed on the basis of analysis of response surface methodology. The crystallization 
temperature is the most significant factor for the purity of linoleic acid, and the ratio of 
ethanol-to-urea is the most influential factor for the yield of linoleic acid. The method can 
predict the parameters to produce different purity levels of linoleic acid from cottonseed 
oil. 
2.7 Repurification of the Crystal Fraction 
        Urea inclusion process produced two fractions including the crystal fraction and 
filtrate fraction. In each fraction, it contained a certain amount of fatty acids. The 
maximum yield of linoleic acid from the filtrate fraction can be obtained via the use of 
optimal parameters, but the whole yield of linoleic acid from the filtrate fraction was low 
when it compared to the usage of fatty acids before urea inclusion. The reason was that it 
has a certain content of linoleic acid in the crystal fraction (Figure 2.9a). In order to 
increase the whole yield of linoleic acid from cottonseed oil, the repurification 
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experiments were conducted by the use of similar urea inclusion process as described in 
Figure 2.9. The fatty acids from the crystal fraction were obtained in this condition (the 
ratio of urea-to-FFA 2:1, the ratio of ethanol-to-urea 4:1, crystallization temperature 21 
°C and time 10 min). After that, the fatty acids from the crystal fraction were purified in 
different ratio of urea-to-FFA ranging from 0.6: to 3:1 while other parameters fix at the 
ratio of ethanol-to-urea (5:1), crystallization temperature 21 °C and time 10 min. The 
purity of repurified fatty acids from the filtrate fraction was measured by the use of 
calibrated GC-MS. The third urea inclusion process was conducted in the condition of the 
ratio of urea-to-FFA (2:1), ratio of ethanol-to-urea (4:1), crystallization temperature (21 
°C) and time (10 min). 
2.7.1 Results and Discussion 
        As shown in Figure 2.18a, the purity of linoleic acid from the filtrate fraction 
increased while the purity of oleic acid and palmitic acid decreased when the ratio of urea-
to-FFA increased. The decreasing content of oleic acid and palmitic acid in the filtration 
led to the increase of the purity of linoleic acid and the decrease of yield of linoleic acid 
(Figure 2.18b). By the use of the second urea inclusion separation, the yield of linoleic 
acid increased 11.5% (Figure 2.18b, olive line) with the purity of 85.9% at the ratio of 
urea-to-FFA of 3:1. 
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Urea-to-FFA (g/g)  
(a) The purity of fatty acids from the filtrate fraction, (b) the yield of linoleic acid from 
the filtrate fraction (FF)/cottonseed oil (CO). 
Figure 2.18 The purity and yield of fatty acids in second time’s urea inclusion 
        The fatty acids from the second crystal fraction were purified again by the use of urea 
inclusion. The purity of linoleic acid from the filtrate fraction in the third urea inclusion 
was 82.6%. The multiple time urea inclusion separation can obtain high purity of linoleic 
acid in the filtrate fraction, which can improve the whole yield of linoleic acid from 
cottonseed oil. 
2.8 Ultrasound Assisted of Urea Inclusion Purification 
    In cottonseed oil, palmitic acid and oleic acid account for 40‒50%. The results from 
single factor experiments, optimal experiments and multiple times urea inclusion show 
that the high purity of linoleic acid achieved from the filtrate fraction. The results also 
indicated that it is difficult to obtain high purity palmitic acid or oleic acid only by using 
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urea inclusion since the concentration of palmitic acid from the crystal fraction maximally 
reached 48.8% according to the preliminary experimental results. 
    Ultrasonic power generates alternating low-pressure and high-pressure waves in 
liquids, resulting in the formation and violent collapse of small vacuum bubbles, which 
provides potential in improving the mixing and chemical reaction in various applications 
305-306. The ultrasound can influence the final crystal size and distribution during the 
crystallization process. Vishwakarma and Gogate 307 used an ultrasonic reactor to interfere 
the crystallization process of oxalic acid. In the research, a narrow particle size distribution 
and lower average size of oxalic acid crystals were obtained compared to the results before 
ultrasonic irritation. It has not been reported to purify fatty acids from cottonseed oil by 
the use of ultrasonic assisted urea inclusion method. 
    In this section, an ultrasonic equipment with the fixed power and frequency was 
employed in the purification process of the urea inclusion method. In the crystallization 
process, the homogenous solution containing fatty acid, urea and ethanol was crystallized 
in a water bath equipped with an ultrasonic irradiation source with the power of 240 W 
and frequency of 50 Hz (Unisonics PTY Ltd, Sydney). The temperature of the water bath 
was controlled at approximately 20 °C. Different ultrasonic irradiation times (5, 10, 15 
and 20 min) were used during crystallization. The fatty acids from the crystal fraction and 
filtrate fraction were obtained by the use of the similar process described in Figure 2.9. 
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The yield and purity of each fraction were measured by the methods mentioned in the 
section of 2.5.3. 
2.8.1 Results and Discussion 
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(a) The purity and (b) yield of linoleic acid from the filtrate fraction, (c) the purity and 
(d) yield of palmitic acid from the crystal fraction. 
Figure 2.19 Effect of ultrasonic irradiation time on the purity and yield 
    As shown in Figure 2.19, the use of ultrasonic irradiation source in the urea 
complexation process significantly changed the purity of linoleic acid and palmitic acid 
in the filtration fraction (FF) and the crystal fraction (CF). In the crystal fraction, the fatty 
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acid compositions were mainly palmitic acid and oleic acid. By increasing ultrasonic 
irradiation time, the purity of linoleic acid from the FF increased first (Figure 2.19a) and 
then decreased. The purity of palmitic acid increased slightly within error from the CF 
(Figure 2.19c) when the ultrasonic irradiation time extended. The yield of linoleic acid 
from the FF increased dramatically (Figure 2.19b) while the yield of palmitic acid from 
the CF decreased significantly (Figure 2.19d). It was worthy of note that the purity of 
palmitic acid increased dramatically, reaching 88.2% (Figure 2.19c). Therefore, 
ultrasound assisted urea inclusion method can obtain high purity of palmitic acid from the 
crystal fraction. 
    In the preliminary experimental design, 30 min of ultrasonic irradiation time was 
considered, however, a light yellow sticky solid was observed after 15 min of ultrasonic 
irradiation time. The urea crystals might be destroyed after 20 min of ultrasonic irradiation 
time. Longer ultrasonic irradiation time might lead to the denaturation of polyunsaturated 
fatty acid (such as linoleic acid) 308, thus, a maximum 20 min of ultrasonic irradiation time 
was chosen. The reason why ultrasound can influence the fatty acid composition both in 
the CF and FF was that the ultrasound can change the configuration of polyunsaturated 
fatty acid (linoleic acid), thus linoleic acid was difficult to include by the urea crystal 
channels 157. 
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2.9 Preparation of Linoleic Acid with Varying Purity 
2.9.1 Preparation of Linoleic Acid from Cottonseed Oil 
        Based on the single factor experimental and the optimal experimental results, some 
parameters were chosen to prepare different purity of linoleic acid from cottonseed oil. 
2.9.2 Characterization of Different Purity of Linoleic Acid 
2.9.2.1 The Yield and Purity of the Purified Cottonseed Oil 
        The yield and purity of each purified sample were measured by using the methods as 
shown in the section 2.5. The results are shown in Table 2.8. 
Table 2.8 The yield and purity of linoleic acid from cottonseed oil 
Name LA0 LA1 LA2 LA3 
Purity (%) 50.7 71.1 79.7 95.3 
Yield (%) 88.7 40.2 35.4 34.0 
Note: LA0, LA1, LA2, and LA3.were the fatty acids with the proportion of linoleic acid 
of 50.7%, 71.1%, 79.7% and 95.3%, respectively derived from cottonseed oil. 
2.9.2.2 DSC Analysis of the Purified Oil 
        Melting (Tm) and freezing point (TF) of each sample were recorded on a Differential 
Scanning Calorimeter (DSC, TA Instrument Model DSC Q200). Approximately 5 mg of 
sample was analyzed under nitrogen (50 mL/min) by heating and cooling cycles (5 
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°C/min) between –80 °C and 100 °C. Indium (Tm =156.6 °C) was used as the standard 
compound for the calibration of DSC. 
2.9.2.3 TG Analysis of the Purified Oil 
        Thermal Gravity Analysis (TGA, TA Instrument Model TGA Q50) was used for 
measuring the decomposition temperatures of each sample with nitrogen at a flow rate of 
60 mL/min. Samples were placed inside platinum pans and heated from 25 °C to 700 ° C 
at the rate of 10 °C/min, and the temperature at the maximum degradation rate (Td) was 
determined from differential thermogravimetric (DTG) curve. Nickel was used as the 
standard for the calibration of TGA. 
2.9.3 Results and Discussion  
2.9.3.1 DSC Results of Linoleic Acid with Different Purity from Cottonseed Oil 
         DSC curves of linoleic acid samples with varying purity are shown in Figure 2.20. 
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(a) Melting point and (b) freezing point of linoleic acid with varying purity from 
cottonseed oil. Note: LA0, LA1, LA2, and LA3.were the fatty acids with the proportion of 
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linoleic acid of 50.7%, 71.1%, 79.7% and 95.3%, respectively derived from cottonseed 
oil, LA4 was pure linoleic acid from the commercial product. 
Figure 2.20 Effect of purity of linoleic acid on the melting point and freezing point 
        As shown in Figure 2.20, the purity of linoleic acid influenced the melting point and 
freezing point of purified oils. When the purity of linoleic acid increased from 50.7% to 
95.3%, the melting point increased by 6.8 °C (Figure 2.20a) but the freezing point 
decreased by 9.9 °C (Figure 2.20b). In the curves of LA0 (50.7%), the melting point of 
unsaturated fatty acids appeared at ‒10.7 °C and the other melting point of saturated fatty 
acid presented at 35.5 °C. When the purity of linoleic acid was 50.7%, two melting points 
at ‒10.7 °C and 35.5 °C were observed, related to the melting point of unsaturated fatty 
acids and saturated fatty acids. In LA0 (50.7%), it contained 76.6% unsaturated fatty acids 
(linoleic acid 50.7% and oleic acid 25.9%) and 23.2% saturated fatty acids (palmitic and 
stearic acid). But in the purified oil (LA1 71.1% to LA3 95.3%), the main content was 
unsaturated fatty acid (linoleic and oleic acid). Thus, either single melting point or single 
freezing point was observed. The melting point and freezing point were slightly changed 
when the purity of linoleic acid increased. The reason was that the proportion of linoleic 
acid in purified oil increased while the proportion of oleic acid decreased, which led to the 
shift of melting point and freezing point of purified oil 309-310. 
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2.9.3.2 TG Results of Linoleic Acid with Different Purity from Cottonseed Oil 
        The thermal decomposition of purified oil with varying purity was investigated by 
TGA. As shown in Figure 2.21, the differences in the thermal decomposition attributed to 
the difference of fatty acid composition in purified oil. In the 50.7% purity of linoleic acid, 
it has 21.5% of palmitic acid and 25.9% of oleic acid. With the increasing linoleic acid 
purity, the content of palmitic acid in purified oils decreased and finally vanished. 
Meanwhile, the content of oleic acid in purified oils increased first and then decreased. 
The difference in fatty acid content was responsible for the first increase and then 
reduction of the decomposition temperature in the maximum decomposition rate. 
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(a) TG and (b) DTG curves of linoleic acid with varying purity from cottonseed oil. 
Note: LA0, LA1, LA2, and LA3.were the fatty acids with the proportion of linoleic acid 
of 50.7%, 71.1%, 79.7% and 95.3%, respectively derived from cottonseed oil, LA4 was 
pure linoleic acid from the commercial product. 
Figure 2.21 TG and DTG curves of linoleic acid with varying purity from cottonseed oil 
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Table 2.9 Thermal properties results of different purity of linoleic acid 
Name LA0 LA1 LA2 LA3 LA4 
Purity (%) 50.7 71.1 79.7 95.3 99.0 
Tm (°C) ‒10.7/35.5 ‒7.0 ‒6.6 ‒3.9 ‒5.8 
TF (°C) ‒20.0/14.7 ‒26.9 ‒29.5 ‒29.9 ‒23.5 
Td (°C) 227 260 267 253 212 
Note: LA0, LA1, LA2, and LA3.were the fatty acids with the proportion of linoleic acid 
of 50.7%, 71.1%, 79.7% and 95.3%, respectively derived from cottonseed oil, LA4 was 
pure linoleic acid from the commercial product, Tm: melting point, TF: freezing point 
and Td: the temperature at the highest thermal decomposition rate. 
2.10 Conclusions 
        The experimentation revealed that urea inclusion separation can effectively isolate 
linoleic acid from cottonseed oil. The purity and yield of linoleic acid from the filtrate 
fraction relied on the four main parameters. The optimal models built from surface 
response results can provide predicted purification parameters to guide the purification of 
linoleic acid from cottonseed oil. Controlling purification parameters can produce 
controllable purity levels of linoleic acid. The melting and freezing point and thermal 
decomposition of linoleic acid changed with its purity.  
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3. Fatty Acid-Based Acrylate and Methacrylate 
3.1 Introduction 
        The continuous depletion of fossil oil and concerns regarding environmental 
sustainability have driven an increasing interest in the search for renewable materials that 
can partially and/or completely replace petroleum feedstocks intended for the architecture 
of polymer materials 13, 86, 246. Therefore, a variety of natural macromolecules and 
renewable monomers have been used in the preparation of polymers, such as 
polysaccharides, proteins, and vegetable oils 73, 311-312. Vegetable oils represent promising 
alternatives to renewable chemicals and polymers because of their availability, inherent 
biodegradability and low toxicity 43-44, 313-318.  
        Fatty acids, as a part of commercial vegetable oil products, have been used in the 
construction of polymer materials such as thermoplastic elastomers, biocomposites and 
thermosets via different polymerization techniques 224, 277, 319-320. However, only one 
functional group of carboxylic acid in saturated fatty acid cannot undertake the 
condensation polymerization, and the auto-inhibition of internal carbon-carbon double 
bonds in unsaturated fatty acids caused by the strong steric hindrance is hampered the 
formation of macromolecules 207. Due to the limited polymerization activity of fatty acids 
242, in particular saturated fatty acids, fatty acids as a feedstock for the production of 
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polymers always involved chemical modification to generate reactive monomers 
comprising long methylene sequences with an attached functional group. The unsaturated 
carbon-carbon double bonds is a possible site in the unsaturated fatty acids, such as oleic, 
linoleic and linolenic acid. The epoxidation of the double bonds followed by the addition 
of acrylic acid has been reported as a synthesis pathway for the preparation of fatty acid-
based acrylates 10, 236, 321. Nevertheless, this synthesis scheme consumed the internal 
carbon-carbon double bonds of fatty acids, and therefore the possibility of post-curing to 
improve polymer properties was precluded 242. For the purpose of post-functionalization, 
the carboxylic acid group in fatty acids as the chemical reaction site was preferred. In this 
synthetic procedure, the carboxylic acid end-group of a fatty acid is converted to a vinyl 
or acrylate or methacrylate group, constructing a long chain n-alkyl vinyl ester 241 or n-
alkyl acrylate or n-alkyl methacrylate 22 containing the fatty acid side-chain with the 
length of 10 to 22 carbon atoms 43, 316. A transition-metal catalyzed transvinylation 
reaction for the synthesis of oleic/linoleic acid vinyl ester monomers was reported by the 
use of vinyl acetate as the functional group 241. Glycidyl methacrylate as another 
functional group was used in the preparation of methacrylic fatty acid monomers 244, 322. 
The resulting functionalized fatty acid monomers were reactive enough to obtain polymers 
by free radical polymerization. In these previous research, there were not enough 
information about synthesized reactive monomers. 
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        Cottonseed oil as one of fatty acid sources contains both saturated and unsaturated 
fatty acids. As described in Chapter 2, three predominate fatty acids (palmitic acid, oleic 
acid and linoleic acid) and two minor fatty acids (myristic acid and stearic acid) account 
for 99% in cottonseed oil. Due to the limited polymerization activity of fatty acids in 
cottonseed oil, this first step for the production of polymers from cottonseed oil is 
converting fatty acids in the reactive monomers which have enough activity to undertake 
the further polymerization.  
    In this chapter, a series of acrylates and methacrylates with side-chain fatty acids 
were synthesized via the esterification reaction of fatty acids and 2-hydroxyethyl 
acrylate/2-hydroxyethyl methacrylate at room temperature. 4-Dimethylaminopyridine and 
N,N’-dicyclohexylcarbdiimide and were used as the catalyst and reagent, respectively 323. 
Five types of pure commercial fatty acids including myristic, palmitic, linoleic, oleic and 
stearic acid, were employed in the preparation of reactive monomers as the standard 
samples. The chemical structures of synthesized monomers were confirmed by thin layer 
chromatography, infrared spectroscopy, nuclear magnetic resonance spectroscopy and 
mass spectrometry. The basic properties of synthesized monomers including the melting 
point, freezing point, thermal decomposition, and reactive activity were investigated. The 
effect of the length of the fatty acid chain, the degree of unsaturation, the purity of purified 
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oil and the introduced functional groups on the properties of the reactive monomers were 
extensively studied. 
3.2 Materials 
        Myristic acid (MA, ≥99%), palmitic acid (PA, ≥99%), stearic acid (SA, ≥98.5%), 
linoleic acid (LA, ≥99%), oleic acid (OA, ≥99%), 2-hydroxyethyl acrylate (HEA, ≥99%), 
2-hydroxyethyl methacrylate (HEMA, 97%), N,N'-dicyclohexylcarbodiimide (DCC, 
99%) and 4-dimethylaminopyridine (DMAP, ≥99%) were purchased from Sigma-
Aldrich. Anhydrous dichloromethane (DCM, ≥99.8%) and silica gel 60 (0.015–0.40 mm) 
were obtained from Merck. Anhydrous sodium sulphate (Na2SO4, 100%), sodium chloride 
(NaCl, 99.8%), petroleum spirit (B.P. 40–60 °C) and ethyl acetate (≥99.5%) were supplied 
by VWR (Australia). Celite 545 (Celaton FW60), sodium bicarbonate (NaHCO3, 99.7%) 
and concentrated hydrochloric acid (HCl, 36.5%) were purchased by Chem-Supply Pty 
Ltd (Australia). Linoleic acid samples with varying purity (50.7‒93.5%) from cottonseed 
oil were prepared as mentioned in Chapter 2.  
3.3 Methodology 
3.3.1 Synthesis Method for Reactive Monomers 
        In this section, commercially available myristic, palmitic, linoleic, oleic and stearic 
acid were used in the preparation of fatty acid-based acrylates and fatty acid-based 
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Figure 3.1 Synthesis scheme of fatty acid-based reactive monomers 
        The synthetic strategy that pursued to deliver the monomers for polymerization is 
described in Figure 3.1. 2-Hydroxyethyl acrylate/methacrylate are coupled to primary 
fatty acid via an ester bond forming reaction. 
        Likewise, linoleic acid samples with varying purity from cottonseed oil were 
synthesized by using the same process as described in Figure 3.1. The details of the 
preparation of each monomer are shown in the following sections. 
3.3.2 Characterization Methods 
3.3.2.1 Yield of Monomer 
        The yield of each reactive monomer was calculated by the weight of purified 
monomer after chromatography and the weight of original added fatty acid and 
hydroxyethyl acrylate/hydroxyethyl methacrylate. The formula used to calculate the 

















Y                                                                3.2 
where WM is the weight of purified monomer from chromatography, WR is the weight of 
fatty acid and 2-hydroxyethyl acrylate/2-hydroxyethyl methacrylate. YM is the molar 
yield, MM is the molecular weight of monomer, WF is weight of the fatty acid, and MF is 
the molecular weight of the fatty acid. 
3.3.2.2 Thin-layer Chromatography 
        Thin-layer chromatography (TLC) was carried out using plastic plates coated with 
silica gel g (0.25 mm, Merck). Petroleum spirit (B.P. 40–60 °C)/ethyl acetate (4:1, v/v) 
was used as the developing solvent. Basic potassium permanganate (KMnO4) stain 
(containing 2.0 g of KMnO4, 10 g potassium carbonate and 1.25 mL 10.0% sodium 
hydroxide in 200 mL water) served as the indicator to visualize the plates. 
3.3.2.3 Nuclear Magnetic Resonance Spectroscopic Analysis 
        The chemical structures of fatty acids and its reactive monomers were determined on 
a Nuclear Magnetic Resonance (NMR) spectrometer (Bruker, Avance 500SB, Germany) 
operating at 500 MHz. Each sample was dissolved in deuterated chloroform (CDCl3), and 




3.3.2.4 Mass Spectrometry (MS) Analysis 
        Each monomer sample was dissolved in chloroform with the concertation of 
approximately 1 mg/mL. The solution was carried out on a mass spectrometer (VG 
Quattro, Waters, USA) operating in electron impact mode at 70 eV. Sample flow speed 
was 30 µL per min and N2 was at 50 mL/min. 
3.3.2.5 Fourier Transform Infrared (FT-IR) Spectroscopic Analysis 
        Infrared (IR) absorption was collected using Attenuated Total Reflectance (ATR) on 
a Bruker Vertex 70 FTIR spectrophotometer. Each spectrum was an average of 64 scans 
taken with resolution of 4 cm−1 in the 600–4000 cm−1 range. The spectrum was obtained 
using the software to transform the absorption data into transmission data. 
3.3.2.6 DSC Analysis 
        DSC analysis was done following the method in Chapter 2 section 2.9.2.2. 
3.3.2.7 TGA Analysis 
        TGA analysis was done following the method in Chapter 2 section 2.9.2.3. 
3.3.2.8 Thermal Chemiluminescence Analysis 
        Thermal chemiluminescence experiments of fatty acid-based monomers were 
conducted on a Lumipol 3 commercial photon counting instrument (Polymer Institute of 
the Slovak Academy of Sciences, Bratislava, Slovakia) 324. Samples were coated on a 
Whatman 1 paper (6 mm diameter) and placed in a small aluminum pan (6 mm diameter). 
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Oxygen flow rates were 25 cm3/min and the non-isothermal (temperature ramp) heating 
rates were 2.5 °C/min from 40 °C to 160 °C. Then the temperature was cooled down to 
40 °C with the cooling speed rate of 5 °C/min. 
3.4 Reactive Monomers from Commercial Fatty Acids 
3.4.1 Synthesis of Fatty Acid-based Acrylates 
        All fatty acid-based acrylates were synthesized by following the general procedure 
as described below: 
        Free fatty acid (FFA, 10.0 mmol), DCC (11.0 mmol) and DMAP (1.0 mmol) in DCM 
(40 mL) were cooled on an ice-water bath. HEA (12.0 mmol) was added dropwise over 
10 min under anhydrous nitrogen atmosphere. After 30 min, the ice-water bath was 
removed and the reaction mixture was stirred at room temperature for 24 h. The filtrate 
was washed with distilled water (3×80 mL), followed by saturated sodium bicarbonate 
(4×80 mL) and saturated sodium chloride (2×80 mL). The organic layer was dried over 
anhydrous Na2SO4. After filtration, it was packed on Celite 545 and purified by dry 
column vacuum chromatography using silica gel as the stationary phase and petroleum 
spirit/ethyl acetate (100:0‒0:100, v/v) as the eluent to obtain the product. 













MMA 10.0 (2.28) 11.0 (2.27) 1.0 (0.122) 40 12.0 (1.39) 
MPA 10.0 (2.56) 11.0 (2.27) 1.0 (0.122) 40 12.0 (1.39) 
MLA 10.0 (2.80) 11.0 (2.27) 1.0 (0.122) 40 12.0 (1.39) 
MOA 10.0 (2.82) 11.0 (2.27) 1.0 (0.122) 40 12.0 (1.39) 
MSA 10.0 (2.84) 11.0 (2.27) 1.0 (0.122) 40 12.0 (1.39) 
    Monomer of myristate acrylate (MMA, a white solid with a weight yield of 79.4%, 
a molar yield of 82.0%). 1H NMR (500 MHz, CDCl3), δ (ppm) = 6.43 and 5.85 (CH2=CH–
, 2H, d), 6.14 (CH=CH2, 1H, d), 4.35 and 4.29 (–OCH2–CH2O–, 4H, t), 2.32 (O=CCH2, 
2H, t), 1.61 (O=CCH2–CH2, 2H, m), 1.26–1.23 (–(CH2)10–CH3, 20H, m), 0.87 (–CH3, 
3H, t). 13C NMR (500 MHz, CDCl3), δ (ppm) = 173.7 (–O–C=O), 165.8 (–O–C=O–
CH=CH2), 131.4 and 128.1 (–CH=CH2), 62.4 and 61.9 (–OCH2–CH2O–), 14.2 (–CH3). 
FT-IR (cm–1): 2929, 2852 (C–H), 1739 (C=O), 1635 (CH2=CH–), 1467, 1406, 1267, 1190, 
1120 (C–O), 1072, 983, 816, 768. MS of MMA: calculated m/z for (M+): 326.25, observed 
m/z =326.24. Tm: 20.3 °C and TF: 8.2 °C. 
        Monomer of palmitate acrylate (MPA, white crystals with a weight yield of 88.7%, 
a molar yield of 93.0%). 1H NMR (500 MHz, CDCl3), δ (ppm) = 6.46 and 5.87 (CH2=CH–
, 2H, d), 6.15 (CH=CH2, 1H, d), 4.37 and 4.32 (OCH2–CH2O–, 4H, t), 2.33 (O=CCH2, 
2H, t), 1.62 (O=CCH2–CH2, 2H, m), 1.30–1.26 (–(CH2)12–CH3, 24H, m), 0.89 (–CH3, 
3H, t). 13C NMR (500 MHz, CDCl3), δ (ppm) = 173.6 (–O–C=O), 165.9 (–O–C=O–
CH=CH2), 131.3 and 128.0 (–CH=CH2), 62.3 and 61.9 (–OCH2–CH2O–), 14.2 (–CH3). 
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FT-IR (cm–1): 2916, 2852 (C–H), 1732 (C=O), 1633 (CH2=CH–), 1467, 1402, 1301, 1174 
(C–O), 1064, 983, 808, 725. MS of MPA: calculated m/z for (M+): 354.28, observed m/z 
=354.2. Tm: 24.9 °C and TF: 17.3 °C. 
    Monomer of linoleate acrylate (MLA, a colorless liquid with a weight yield of 90.6%, 
a molar yield of 98%). 1H NMR (500 MHz, CDCl3), δ (ppm) = 6.45 and 5.85 (CH2=CH–
, 2H, d), 6.15 (CH2=CH–, H, d), 5.39 (–CH=CH–, 4H, m), 4.37 and 4.32 (–O–CH2–CH2–
O–, 4H, t), 2.77 (–CH=CH–CH2–CH=CH–, 2H, t), 2.34 (–CH2–CO–CH2–, 2H, t), 2.05 
(–CH2–CH=CH–CH2–, 4H, m), 1.63 (–CH2–CH2–CH2–CO–, 2H, m), 1.38–1.24 (–
(CH2)5–CH2–CH=CH–CH2–CH=CH–(CH2)2–, 14H, m), 0.89 (–CH3, 3H, t). 13C NMR 
(500 MHz, CDCl3), δ (ppm) = 173.5 (–O–C=O), 165.8 (–O–C=O–CH=CH2), 131.3–127.9 
(–C=C), 62.3 and 61.9 (–OCH2–CH2O–), 14.2 (–CH3). FT-IR (cm–1): 3084 and 3010 (cis 
=C–H), 2927 and 2852 (CH3/CH2 stretching), 1709 (C=O carbonyl stretching vibrations), 
1638 (C=C group stretching), 1462 (symmetric O=C–O– stretching), 1140 (O–C 
stretching ester), 1074 (C–O–C stretching ether), 993 (γ=C–H), 724 (trans-γ=C–H). MS 
of MLA: calculated m/z for (M+): 378.28, observed m/z =378.2. 
    Monomer of oleate acrylate (MOA, a colorless liquid with a weight yield of 86.4%, 
a molar yield of 90.0%). 1H NMR (500 MHz, CDCl3), δ (ppm) = 6.45 and 5.87 (d, 2H, 
CH2=CH–), 6.17 (d, H, CH2=CH–), 5.35 (m, 2H, –CH=CH–), 4.37 and 4.35 (t, 2H, –CO–
O–CH2–CH2–O–CO–CH2–), 4.32 (t, 2H, –CO–O–CH2–CH2–O–CO–CH2–), 2.34–2.31 
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(t, 2H, –CH2–CH2–CH2–CO–), 2.04–1.99 (m, 4H, –CH2–CH=CH–CH2–), 1.63 (m, 2H, 
–CH2–CH2–CH2–CO–), 1.28 (m, 20H, –(CH2)6–CH2–CH=CH–CH2–(CH2)4–), 0.89 (t, 
3H, –CH3). 13C NMR (500 MHz, CDCl3), δ (ppm) = 173.5 (–O–C=O), 165.8 (–O–C=O–
CH=CH2), 131.3–127.9 (–C=C), 62.3 and 61.9 (–OCH2–CH2O–), 14.2 (–CH3). FT-IR 
(cm–1): 3003 (cis–CH=CH–CH2=CH–), 2925 and 2853 (CH3/CH2 stretching), 1728 (C=O 
carbonyl stretching vibrations), 1633 (C=C group stretching), 1464 (symmetric O=C–O– 
stretching), 1069 (C–O–C stretching ether), 988 (γ=C–H), 726 (trans–γ=C–H). MS of 
MOA: calculated m/z for (M+): 380.29, observed m/z =382.2. 
    Monomer of stearate acrylate (MSA, a white solid was obtained with a weight yield 
of 77.7%, a molar yield of 81.0%). 1H NMR (500 MHz, CDCl3), δ (ppm) = 6.46 and 5.88 
(d, 2H, CH2=CH), 6.16 (–CH=CH2, 1H, d), 4.37 and 4.33 (OCH2–CH2O–, 4H, t), 2.34 
(O=CCH2, 2H, t), 1.62 (O=CCH2–CH2, 2H, m), 1.32–1.26 (–(CH2)14–CH3, 28H, m), 0.88 
(–CH3, 3H, t). 13C NMR (500 MHz, CDCl3), δ (ppm) = 173.6 (–O–C=O), 165.9 (–O–
C=O-CH=CH2), 131.3 and 128.0 (–CH=CH2), 62.3 and 61.8 (–OCH2–CH2O–), 14.1 (–
CH3). FT-IR (cm–1): 2913, 2847 (C–H), 1728 (C=O), 1640 (CH2=CH), 1459, 1407, 1297, 
1213, 1164 (C–O), 1050, 997, 953, 874, 808, 719. MS of MSA: calculated m/z for (M+): 
382.31, observed m/z =382.30. Tm: 39.5 °C and TF: 28.7 °C. 
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3.4.2 Synthesis of Fatty Acid-based Methacrylates 
        Five types of fatty acid-based methacrylates were synthesized by following the 
general procedures mentioned in Chapter 3 section 3.4.1. Each fatty acid-based 
methacrylate was synthesized based on the recipes as shown in the Table 3.2. 
Table 3.2 The formulations of fatty acid-based acrylates 
Name MMMA PMA LMA OMA SMA 
FFA (g/mmol) 2.28(10.0) 2.56(10.0) 2.80(10.0) 2.82(10.0) 2.84(10.0) 
DMAP (g/mmol) 0.122(1.0) 0.122(1.0) 0.122(1.0) 0.122(1.0) 0.122(1.0) 
DCM (mL) 40.0 40.0 40.0 40.0 40.0 
DCC (g/mmol) 2.27(11.0) 2.27(11.0) 2.27(11.0) 2.27(11.0) 2.27(11.0) 
HEMA (g/mmol) 1.56(12.0) 1.56(12.0) 1.56(12.0) 1.56(12.0) 1.56(12.0) 
    Monomer of myristate methacrylate (MMMA, a colorless liquid, a weight yield of 
84.8%, a molar yield of 89.0%): 1H NMR, 500 MHz, CDCl3, δ (ppm): 6.13 and 5.59 
(CH2=C(CH3)–, 2H, d), 4.35–4.32 (–OCH2–CH2O–, 4H, t), 2.33 (O=CCH2, 2H, t), 1.95 
(CH2=C(CH3)–, 3H, s), 1.62 (O=CCH2–CH2, 2H, m), 1.31–1.24 (–(CH2)10–CH3, 20H, 
m), 0.88 (–CH3, 3H, t). 13C NMR (500 MHz, CDCl3), δ (ppm) = 173.6 (–O–C=O), 167.1 
(–O–C=O–C(CH3)=CH2), 135.9 and 126.0 (CH2=C(CH3)–), 62.4 and 61.8 (–OCH2–
CH2O–), 18.3 (CH2=C(CH3)–), 14.1 (–CH2–CH3). FT-IR (cm–1): 2923, 2846 (C–H), 1720 
(C=O), 1639 (CH2=C(CH3)–), 1455, 1378, 1301, 1250, 1151 (C–O), 1048, 937, 813, 719. 
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MS of MMMA: calculated m/z for (M+): 340.26, observed m/z =340.26. Tm: 10.8 °C and 
TF: ‒10.0 °C. 
    Palmitate methacrylate (PMA, a white crystal, a weight yield of 88.2%, a molar yield 
of 93.0%):  1H NMR (500 MHz, CDCl3, δ (ppm) = 6.13 and 5.59 (CH2=C(CH3)–, 2H, d), 
4.36–4.32 (–OCH2–CH2O–, 4H, t), 2.34–2.31 (O=CCH2, 2H, t), 1.94 (CH2=C(CH3)–, 
3H, s), 1.62 (O=CCH2–CH2, 2H, m), 1.31–1.25 (–(CH2)12–CH3, 24H, m), 0.88 (–CH3, 
3H, t). 13C NMR (500 MHz, CDCl3), δ (ppm) = 173.6 (–O–C=O), 167.0 (–O–C=O–
C(CH3)=CH2), 135.9 and 125.9 (–CH2=C(CH3)–), 62.4 and 61.8 (–OCH2–CH2O–), 18.2 
(CH2=C(CH3)–), 14.1 (–CH2–CH3). FT-IR (cm–1): 2920, 2844 (C–H), 1724 (C=O), 1631 
(CH2=C(CH3)–), 1452, 1371, 1298, 1151 (C–O), 1053, 937, 812, 717. MS of PMA: 
calculated m/z for (M+): 368.29, observed m/z =368.29. Tm: 19.9 °C and TF: 8.1 °C. 
        Linoleate methacrylate (LMA, a colorless liquid, a weight yield of 87.3%, a molar 
yield of 92.0%): 1H NMR (500 MHz, CDCl3), δ (ppm): 6.13 and 5.59 (CH2=C(CH3)–, 
2H, d), 5.36 (–CH=CH–, 4H, m), 4.40, 4.34 (–O–CH2–CH2–O–, 4H, t), 2.77 (–CH=CH–
CH2–CH=CH–, 2H, t), 2.32 (–CH2–CO–, 2H, t), 2.04 (–CH2–CH=CH–CH2–, 4H, m), 
1.95 (CH2=C(CH3)–, 3H, s), 1.62 (–CH2–CH2–CH2–CO–, 2H, m), 1.31 (–(CH2)5–CH2–
CH=CH–CH2–CH=CH–(CH2)2–, 14H, m), 0.89 (–CH3, 3H, t). 13C NMR (500 MHz, 
CDCl3), δ (ppm) = 173.5 (–O–C=O), 167.1 (–O–C=O–CH=CH2), 135.9–126.0 (–C=C), 
62.5 and 61.9 (–OCH2–CH2O–), 18.2 (CH2=C(CH3)–), 14.2 (–CH3). FT-IR (cm–1): 3010 
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(cis =C–H), 2922 and 2856 (CH3/CH2 stretching), 1714 (C=O carbonyl stretching 
vibrations), 1635 (C=C group stretching), 1458 (symmetric COO– stretching), 1150 (O–
C stretching ester), 1039 (C–O–C stretching ether), 937 (γ=C–H), 717 (trans-γ=C–H). 
MS of LMA: calculated m/z for (M+): 392.29, observed m/z =392.2. 
        Oleate methacrylate (OMA, a colorless liquid, a weight yield of 90.3%, a molar yield 
of 94.0%): 1H NMR, 500 MHz, CDCl3, δ (ppm): 6.13 and 5.59 (d, 2H, CH2=C(CH3)–), 
5.35 (m, 2H, –CH=CH–), 4.36–4.31 (t, 4H, –CO–O–CH2–CH2–O–CO–CH2–), 2.34–2.31 
(t, 2H, –CH2–CH2–CH2–CO), 1.95 (CH2=C(CH3)–, 3H, s), 1.64–1.61 (O=CCH2–CH2, 
2H, m), 1.34–1.25 (–(CH2)12–CH3, 24H, m), 0.88 (–CH3, 3H, t). 13C NMR (500 MHz, 
CDCl3), δ (ppm) = 173.6 (–O–C=O), 167.1 (–O–C=O–CH=CH2), 135.9–126.0 (–C=C), 
62.5 and 61.9 (OCH2–CH2O), 18.2 (CH2=C(CH3)–), 14.1 (–CH2–CH3). FT-IR (cm–1): 
3003 (cis–CH=CH–CH2=CH–), 2925 and 2853 (CH3/CH2 stretching), 1728 (C=O 
carbonyl stretching vibrations), 1633 (C=C group stretching), 1464 (symmetric COO– 
stretching), 1069 (C–O–C stretching ether), 988 (γ=C–H), 726 (trans–γ=C–H). MS of 
OMA: calculated m/z for (M+): 394.31, observed m/z =394.30. Tm: ‒31.0 °C. 
        Stearate methacrylate (SMA, a white crystal, yield: 84.5%, a molar yield of 88.0%):  
1H NMR, 500 MHz, CDCl3, δ (ppm): 6.13 and 5.60 (CH2=C(CH3)–, 2H, d), 4.37–4.32 (–
OCH2–CH2O–, 4H, t), 2.34 (O=CCH2, 2H, t), 1.95 (CH2=C(CH3)–, 3H, s), 1.61 
(O=CCH2–CH2, 2H, m), 1.32–1.21 (–(CH2)14–CH3, 28H, m), 0.89 (–CH3, 3H, t). 13C 
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NMR (500 MHz, CDCl3), δ (ppm) = 173.6 (–O–C=O), 167.1 (–O–CO–C(CH3)=CH2), 
135.9 and 126.0 (CH2=C(CH3)–), 62.5 and 61.8 (–OCH2–CH2O–), 18.3 (CH2=C(CH3)–), 
14.1 (–CH2–CH3). FT-IR (cm-1): 3006 (=CH), 2934, 2854 (C–H), 1732 (C=O), 1635 
(CH2=C(CH3)–), 1448, 1369, 1294, 1250, 1152 (C–O), 1043, 937, 812, 717. MS of SMA: 
calculated m/z for (M+): 396.32, observed m/z =396.32. Tm: 23.4 °C and TF: 22.2 °C. 
3.4.3 Results and Discussion 
3.4.3.1 Chemical Structures of Fatty Acid-based Reactive Monomers 
        Reactive monomers containing long side-chain fatty acids were synthesized by 
esterification of HEA/HEMA and fatty acids in the presence of DCC as coupling agent 
and DMAP as catalyst in DCM solvent at room temperature for 24 h. The esterification 
reactions were monitored by TLC and the structures were confirmed by NMR, FT-IR and 
mass spectroscopy. All characteristics peaks have been assigned on their FT-IR and NMR 
spectra. Experimental molecular masses obtained from ESI-MS results matched well with 
the theoretical molecular mass values.  
(A) TLC Chromatograms 
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The TLC graphs of (a) MLA, (b) MOA, (c) MMA, (d) MPA, (e) MSA, (f) fatty acid-
based acrylates, and (g) fatty acid-based methacrylates. Note: B: before purification, (P): 
purified by chromatography. 
Figure 3.2 The TLC graphs of reactive monomers 
        TLC is a separation method, which is used to aid in the visualization of the 
components of reaction mixture as well as in the assessment of purification results from 
dry column vacuum chromatography. Figure 3.2 represents the TLC chromatograms of 
reaction reagents and products. As shown in Figure 3.2, the obvious yellow spots were 
presented in the monomer products on the silica plate with purple background. Introducing 
acrylate/methacrylate moieties in the fatty acid chain made them very sensitive to 
oxidization in the potassium basic permanganate stain due to the oxidation of C=C. The 
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length of the fatty acid chain and the degree of unsaturation did not have an obvious 
influence on the retention factor value of monomers with the range of 0.55‒0.60 as shown 
in Figure 3.2 (f) and Figure 3.2 (g). 
    The TLC assisted dry column vacuum chromatography purification results of each 
pure reactive monomer can give the guideline about the range of volumetric ratio of 
mixture solvents. All reactive monomers can be collected in the range of the volumetric 
ratio of ethyl acetate-to-petroleum spirit from 3.0% to 7.0%. It was given a good guideline 
on the purification of reactive monomers with different purity levels of linoleic acid from 
cottonseed oil, because these five types of fatty acids dominated the main proportion of 
cottonseed oil. After the preparation of reactive monomers with different linoleic purity 
levels, the products were a mixture with different proportion of these fatty acid-based 
reactive monomers. In order to keep the composition invariant, all fatty acid from purified 
oil would remain in the monomers by collecting fractions starting from 3.0% to 7.0% 
(petroleum spirit B.P. 40‒60 to-ethyl acetate/volume ratio) in dry column vacuum 
chromatography. 
(B) FT-IR Spectra 
        FT-IR spectra of each fatty acid overlaid with its monomers (fatty acid-based 
acrylates/methacrylates) are shown in Figure 3.3. 
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(a) The overlay FT-IR spectra of myristic acid (MA), myristate acrylate (MMA) and 
myristate methacrylate (MMMA). 








(b) The overlay FT-IR spectra of palmitic acid (PA), palmitate acrylate (MPA) and 
palmitate methacrylate (PMA). 
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(c) The overlay FT-IR spectra of linoleic acid (LA), linoleate acrylate (MLA) and 
linoleate methacrylate (LMA). 










(d) The overlay FT-IR spectra of oleic acid (OA), oleate acrylate (MOA) and oleate 
methacrylate (OMA). 
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(e) The overlay FT-IR spectra of stearic acid (SA), stearate acrylate (MSA) and stearate 
methacrylate (SMA). 
Figure 3.3 FT-IR spectra of fatty acids and their reactive monomers 
    In fatty acid-based reactive monomers, a new characteristic peaks of C=C from 
acrylate/methacrylate moiety appeared at around 1636 cm–1, which indicated that the 
functional groups were grafted into the chain of linoleic acid. Strong peaks of ester (C–O, 
1150 cm–1) were also observed in reactive monomers due to the formation of an ester 
chain 297. Moreover, the ester groups from the HEA/HEMA moieties enhanced the 
intensity of ester peaks. The position of carbonyl (C=O) peak in reactive monomers shifted 
to higher wavenumber, which caused by the change from carboxylic acid to carboxylic 
ester 297. To compare saturated fatty acid-based reactive monomers and unsaturated fatty 
acid-based reactive monomers, an obvious characteristic peak appeared at range of 3000–
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3010 cm–1 observed in Figure 3.3 (c) and Figure 3.3 (d), which was corresponding to the 
absorption peak of vinyl =C-H stretching 325, because the internal C=C double bonds 
existed in the chain of linoleic and oleic acid. On the contrary, this corresponding 
characteristic peak was not observed in myristic, palmitic and stearic acid. The changes 
of FT-IR spectra from fatty acid to their reactive monomers confirmed that the reactive 
monomers were synthesized based on the proposed scheme as shown in Figure 3.1.  
(C) NMR Spectra 
    The formation of reactive monomers also can be proven from NMR spectra as shown 
in Figure 3.4. 
 
(a) The overlay 1H NMR spectra of myristic acid (MA), myristate acrylate (MMA) and 
myristate methacrylate (MMMA) 
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(b) The overlay 13C NMR spectra of myristic acid (MA), myristate acrylate (MMA) and 
myristate methacrylate (MMMA) 
 
(c) The overlay 1H NMR spectra of palmitic acid (PA), palmitate acrylate (MPA) and 




(d) The overlay 13C NMR spectra of palmitic acid (PA), palmitate acrylate (MPA) and 
palmitate methacrylate (PMA) 
 
(e) The overlay 1H NMR spectra of spectra of linoleic acid (LA), linoleate acrylate 
(MLA) and linoleate methacrylate (LMA) 
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(f) The overlay 13C NMR spectra of linoleic acid (LA), linoleate acrylate (MLA) and 
linoleate methacrylate (LMA) 
 





(h) The overlay 13C NMR spectra of oleic acid (OA), oleate acrylate (MOA) and oleate 
methacrylate (OMA) 
 
(i) The overlay 1H NMR spectra of stearic acid (SA), stearate acrylate (MSA) and 
stearate methacrylate (SMA) 
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(j) The overlay 13C NMR spectra of stearic acid (SA) and stearate acrylate (MSA), and 
stearate methacrylate (SMA) 
Figure 3.4 NMR spectra of fatty acids and their reactive monomers 
    Each corresponding proton and carbon position were marked in the Figure 3.4. After 
esterification, new peaks appeared in the range of 5.5−6.5 ppm in spectra of reactive 
monomers belonging to the protons of the terminal alkene (CH2=C) 326-327. New peaks 
located in the range of 4.0−4.5 ppm were due to the protons of methylene groups (-OCH2-
CH2O-). The evidence of formation of reactive monomers were proven from the complete 
disappearance of signals of carboxyl group protons (appearing at 11.7 ppm in fatty acid), 
also clear in the carbon NMR spectra. As shown in Figure 3.4 (c) and Figure 3.4 (e), the 
spectra presented a characteristic peak at 5.43 ppm in LA and  5.35 ppm in OA due to the 
protons of the two internal CH=CH 227-228, 264, 328-329. The proton chemical shift of internal 
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C=C double bonds between linoleic and oleic acid were slightly different since the 
electronic effect between two adjacent C=C double bonds in linoleic acid led to the 
difference. After esterification, the internal C=C double bonds still existed in its 
monomers.  
        The presence and disappearance of these characteristic peaks of monomers also were 
evident in 13C NMR spectra. A new peak appeared at around 167 ppm which belonged to 
carbonyl group from HEA/HEMA moieties was present in Figure 3.4b, 3.4d, 3.4f, 3.4h 
and 3.4j. Two new peaks were observed in 61−63 ppm in the Figure 3.4b, 3.4d, 3.4f, 3.4h 
and 3.4j belonging to ethyl groups of OCH2CH2O. The characteristic peaks of terminal 
alkene (CH2=C) were observed in approximatively 130−136 ppm and 125−129 ppm.  
        Compared to fatty acid-based acrylates and methacrylates, a new peak appeared at 
around 1.9 ppm related to the protons of the terminal methyl group (CH2=C(CH3)-) while 
the chemical shift of methyl group was 18.25 ppm in the carbon NMR. Peaks in the 
olefinic zone decreased from 3 (fatty acid-based acrylates) to 2 (fatty acid-based 
methacrylates) due to the chemical structure change.  
(D) MS 
        The electron impact mass spectra of fatty acid-based reactive monomers are shown 
in Figure 3.5. 
159 
 
(a) Electron impact mass spectrum of myristate acrylate (MMA)  
 




(c) Electron impact mass spectrum of linoleate acrylate (MLA) 
 
(d) Electron impact mass spectrum of oleate acrylate (MOA) 
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(e) Electron impact mass spectrum of stearate acrylate (MSA) 
 




(g) Electron impact mass spectrum of palmitate methacrylate (PMA) 
 
(h) Electron impact mass spectrum of linoleate methacrylate (LMA) 
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(i) Electron impact mass spectrum of oleate methacrylate (OMA) 
 
(j) Electron impact mass spectrum of stearate methacrylate (SMA) 
Figure 3.5 Electron impact mass spectra of fatty acid-based reactive monomers 
        As shown in Figure 3.5, the measured molecular weight of each monomer was agreed 
with the proposed molecular weight of each monomer 330. The main fragmentation peaks 
were marked in each monomer. For example, a fragmentation peak at m/z 99 reflected the 
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loss of –CH2CH2OCOCH=CH2, and the fragmentation peak at m/z 113 was the loss of –
CH2CH2OCOC(CH3)C=CH2. 
3.4.3.2 DSC of Fatty Acid-based Reactive Monomers 
        The melting and freezing point of fatty acids and their reactive monomers are shown 
in Figure 3.6. 









































































































































































































































































(a) Melting point and (b) freezing point of myristic acid (MA), myristate acrylate 
(MMA) and myristate methacrylate (MMMA), (c) Melting point and (d) freezing point 
of palmitic acid (PA), palmitate acrylate (MPA) and palmitate methacrylate (PMA), (e) 
Melting point and (f) freezing point of linoleic acid (LA), linoleate acrylate (MLA) and 
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linoleate methacrylate (LMA), (g) Melting point and (h) freezing point of oleic acid 
(OA), oleate acrylate (MOA) and oleate methacrylate (OMA), (i) Melting point and (j) 
freezing point of stearic acid (SA), stearate acrylate (MSA) and stearate methacrylate 
(SMA) 
Figure 3.6 Melting and freezing point of fatty acids and their reactive monomers 
        Figure 3.6 showed the changes on melting and freezing point of fatty acids before 
and after esterification. The incorporation of HEA/HEMA in fatty acids led to a lower 
melting/freezing point due to the unsaturated C=C increased the flexibility of the molecule 
277. For instance, the melting/freezing point of myristic acid (Tm: 56.3 °C and TF: 52.7 °C) 
shifted to a lower melting/freezing point (MMA: Tm 20.3 °C, TF 8.2 °C and MMMA: Tm 
10.8 °C, TF ‒10.0 °C) after esterification. The melting and freezing point of saturated fatty 
acid-based methacrylates were lower than the corresponding saturated fatty acid-based 
acrylates because the methyl group ((CH2=C(CH3)-) decreased the symmetry and 
regularity of molecular chain 277. After esterification, only OMA displayed an obvious 
melting point at −31.0 °C, the melting/freezing point of the other unsaturated fatty acid-
based reactive monomers were not observed. Saturated fatty acids displayed obvious 
melting/freezing point both before and after esterification.     
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3.4.3.3 TGA of Fatty Acid-based Reactive Monomers 
        The thermal decomposition properties of fatty acids and their monomers are shown 
in Figure 3.7. 



























































































































































































































































Temperature (0C)  
(a) TG curves and (b) DTG curves of myristic acid (MA), myristate acrylate (MMA) and 
myristate methacrylate (MMMA), (c) TG curves and (d) DTG curves of palmitic acid 
(PA), palmitate acrylate (MPA) and palmitate methacrylate (PMA), (e) TG curves (f) 
DTG curves of linoleic acid (LA), linoleate acrylate (MLA) and linoleate methacrylate 
(LMA), (g) TG curves (h) DTG curves of oleic acid (OA), oleate acrylate (MOA) and 
oleate methacrylate (OMA), (i) TG curves (j) DTG curves of stearic acid (SA), stearate 
acrylate (MSA) and stearate methacrylate (SMA) 
Figure 3.7 TG and DTG curves of fatty acids and their reactive monomers 
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        As shown in Figure 3.7, the saturated fatty acids showed single main degradation 
step while the oleic acid presented two main degradation steps and the linoleic acid 
showed three main degradation steps. The degree of unsaturation increased the complexity 
of the thermal degradation process 277. After esterification, the saturated fatty acid-based 
reactive monomers exhibited two main steps in degradation, while the unsaturated fatty 
acid-based reactive monomers presented three main steps of degradation. The starting 
decomposition temperature of its monomer decreased, compared to its corresponding fatty 
acid, but the temperature at the highest decomposition rate increased significantly (shown 
in derivative curves). This was due to the introduced acrylate/methacrylate groups in the 
fatty acid chain were more susceptible and complex thermal decomposition process 331. 
        Referring to the saturated fatty acid-based reactive monomers, the first step 
decomposition of reactive monomers may occur due to the breakdown of CH2=C, and the 
second step degradation may be caused by the breakdown of soft fatty ester moieties and 
olefin carbon chains which remained after degradation of linkages 228. In terms of 
unsaturated fatty acid-based reactive monomers, the first degradation may be caused by 
the breakdown of C=C groups from acrylate/methacrylate moieties, and the second step 
degradation may be resulted from breakdown of soft fatty ester moieties and internal C=C 
groups from fatty acids. The final degradation step may be caused by the cross-linking 
structures of C=C double bonds 332. 
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3.5 Comparison of Reactive Monomers from Commercial Fatty Acids 
3.5.1 FT-IR Spectra of Reactive Monomers 
        In order to have a better understanding on the shift of two characteristic absorption 
peaks including the carbonyl group (C=O) and C=C in each reactive monomer, the 
enlarged FT-IR spectra in the carbonyl region and C=C region are presented in Figure 3.8. 
 
FT-IR spectra of the peaks of (a) C=O in fatty acid-based acrylates, (b) C=C in fatty 
acid-based acrylates, (c) C=O in fatty acid-based methacrylates, and (d) C=C in fatty 
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acid-based methacrylates. Note: MMA: myristate acrylate, MPA: palmitate acrylate, 
MLA: linoleate acrylate, MOA: oleate acrylate, MSA: stearate acrylate, MMMA: 
myristate methacrylate, PMA: palmitate methacrylate, LMA: linoleate methacrylate, 
OMA: oleate methacrylate, and SMA: stearate methacrylate. 
Figure 3.8 The representative FT-IR spectra of C=O and C=C region in monomers 
    Figure 3.8 showed the wavenumber change of carbonyl group (C=O) and C=C 
double bonds depending on the length of the fatty acid chain and different functional 
groups. The wavenumber positions of C=O and C=C groups shifted to a lower 
wavenumber when the length of the fatty acid chain increased. The reason was probably 
because an increasing long chain increased the chain flexibility. Moreover, the monomer 
containing methacrylate moieties had a higher wavenumber of C=O and C=C than that of 
acrylated monomers probably due to the strong steric hindrance and electronegativity 
caused by the methyl group (CH2=C(CH3). Two absorption peaks appeared in the 
monomers containing methacrylate moieties. The absorption peak around 1740 cm−1 was 
identified as free non-hydrogen bonds C=O groups, and 1720 cm−1 was related to the 
hydrogen bonded C=O group in disordered domains 227. 
172 
 
3.5.2 Thermal Properties of Reactive Monomers 
        The effect of length of fatty acid chain, the degree of unsaturation and functional 
groups on thermal properties are shown in Figure 3.9 and Figure 3.10. The temperatures 
of Tm, TF and Td are summarized in Table 3.3. 
 
(a) Melting point and (b) freezing point of fatty acid-based acrylates, (c) melting point 
and (d) freezing point of fatty acid-based methacrylates. 
Figure 3.9 DSC curves of fatty acid-based reactive monomers 
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(a) TG and (b) DTG curves of fatty acid-based acrylates, (c) TG and (d) DTG curves of 
fatty acid-based methacrylates. Note: MMA: myristate acrylate, MPA: palmitate 
acrylate, MLA: linoleate acrylate, MOA: oleate acrylate, MSA: stearate acrylate, 
MMMA: myristate methacrylate, PMA: palmitate methacrylate, LMA: linoleate 
methacrylate, OMA: oleate methacrylate, and SMA: stearate methacrylate. 
Figure 3.10 TG and DTG of reactive monomers 





Tm (°C) TF (°C) Td (°C) 
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MA C14 0 56.3 52.7 239 
PA C16 0 64.5 60.7 238 
LA C18 2 ‒5.8 ‒23.5 212/341/436 
OA C18 1 15.0 4.3 210/345 
SA C18 0 70.6 67.6 238 
MMA C19 1 20.3 8.2 173/416 
MPA C21 1 24.9 17.3 201/415 
MLA C23 3 <‒80 <‒80 177/321/428 
MOA C23 2 <‒80 <‒80 156/245 
MSA C23 1 39.5 28.7 179/416 
MMMA C20 1 10.8 ‒10.0 215 
PMA C22 1 19.9 8.1 237 
LMA C24 3 <‒80 <‒80 247/428 
OMA C24 2 ‒31.0 <‒80 217/361 
SMA C24 1 23.4 22.2 259 
Note: MA: myristic acid, PA: palmitic acid, LA: linoleic acid, OA: oleic acid, SA: 
stearic acid, MMA: myristate acrylate, MPA: palmitate acrylate, MLA: linoleate 
acrylate, MOA: oleate acrylate, MSA: stearate acrylate, MMMA: myristate 
methacrylate, PMA: palmitate methacrylate, LMA: linoleate methacrylate, OMA: oleate 
methacrylate, and SMA: stearate methacrylate, Td: the temperature at the highest thermal 
decomposition rate. 
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Increasing the length of the fatty acid chain resulted in an increase of the melting and 
freezing point of reactive monomers. It was reasonable to assume that the increasing fatty 
acid chain length on the basis of symmetry and regularity even in the absence of strong 
intermolecular force were due to the increased fatty acid side chain crystallization 277. 
When the degree of unsaturation increased, the melting and freezing point of monomers 
decreased. This may be because of the flexible unit of unsaturated fatty acids causing the 
decrease of crystallization ability. Compared to the reactive monomers containing 
acrylate/methacrylate moieties, the methyl group (CH2=C(CH3) increased the melting 
point of unsaturated fatty acid-based methacrylates while the melting point and freezing 
point of saturated fatty acid-based methacrylates decreased as the methyl group in the 
ethylene chain changed the electronic distribution and molecular conformation, which led 
to the changes in crystallization 333. Increasing length of the fatty acid chain did not have 
an obvious influence on the thermal degradation of reactive monomers, but an increase of 
the degree of unsaturation led to a decrease of the starting decomposition temperature. 
The introduced functional groups also influenced the thermal degradation process, and the 




3.5.3 Thermal Chemiluminescence of Reactive Monomers 
        Most organic materials can emit week chemiluminescence (CL) via a series of free 
radical reactions in the oxidative degradation process 334. The unsaturated double bonds 
in reactive monomers are readily susceptible to autoxidation 335. Limited studies involved 
CL studies of reactive monomers derived from fatty acids. It is valuable to know the effect 
of the length of chain, the degree of unsaturation and the types of functional groups on CL 
intensity. Non-isothermal CL of each monomer sample was run in the temperature range 
of 40−160 °C with the temperature ramp rate of 2.5 °C/min. In order to eliminate the 
influence of the samples’ mass 336, and the original results (Figure 3.11) were calculated 
and displayed in Figure 3.12. 
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CL intensity of (a) fatty acid-based acrylates with time, (b) fatty acid-based acrylates 
with temperature, (c) fatty acid-based methacrylates with time, and (d) fatty acid-based 
methacrylates with temperature. 




CL intensity/mg of (a) fatty acid-based acrylates with time, (b) fatty acid-based acrylates 
with temperature, (c) fatty acid-based methacrylates with time, and (d) fatty acid-based 
methacrylates with temperature. Note: MMA: myristate acrylate, MPA: palmitate 
acrylate, MLA: linoleate acrylate, MOA: oleate acrylate, MSA: stearate acrylate, 
MMMA: myristate methacrylate, PMA: palmitate methacrylate, LMA: linoleate 
methacrylate, OMA: oleate methacrylate, and SMA: stearate methacrylate. 
Figure 3.12 The chemiluminescence of reactive monomers (Redrawn) 
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As shown in Figure 3.12 (b) and Figure 3.12 (d), the CL emission intensity of each 
reactive monomer increased as the temperature of each sample increased. It was 
reasonable to assume that the free radicals were generated in the initial thermal oxidation 
reactions of each reactive monomer when the temperature reached the initial thermal 
decomposition temperature. When the free radicals were exposed in oxygen, they were 
easily converted to the corresponding peroxide radicals and then converted to the final 
stable products including singlet oxygen and excited carbonyl groups 337-338. These 
reactive matters may have been responsible for the increased intensity of CL 339. The 
oxidation kinetics of unsaturated fatty acid (methyl oleate/linoleate/linolenate) at 
temperatures in the range of 90−150 °C were studied by Richaud et al. 340. In their 
proposed oxidation mechanism, unsaturated fatty esters firstly initialized to form alkyl 
radical (R˙) via hydrogen abstraction in the allylic position of the fatty acid chain and then 
oxygen consumed R˙ to produce a peroxy radical (ROO˙) which is converted into a 
hydroperoxide via H-abstraction. Ported et al. 341 described a five steps autoxidation 
mechanism of unsaturated lipids including the reaction of a carbon radical and oxygen, 
atom transfer of a hydrogen from substrate to the chain carrying peroxyl, fragmentation 
of the chain carrying peroxyl to give oxygen and a carbon radical, rearrangement of the 
peroxyl, and cyclization of the peroxyl after the review of others’ research. In present 
work, the thermal decomposition reaction occurred when the experimental temperature 
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reached 160 °C. Therefore, the chemiluminescence mechanism of the reactive monomers 
probably involved the free radical oxidation, thermal decomposition, and polymerization 
of unsaturated C=C in the presence of oxygen 342. 
Figure 3.13 showed the difference in emission intensity of the reactive monomers 
depending on the length of fatty acid chain, the degree of unsaturation and the types of 
functional groups. 

















































CL intensity/mg with (a) the length of carbon chain and (b) the degree of unsaturation. 
Figure 3.13 The CL intensity depending on the length of chain and unsaturated degree 
As shown in Figure 3.13 (a), the rising trends of CL intensity of acrylated monomers 
corresponded with the increase of the length of carbon chain, while the methacrylated 
monomers presented an opposite tendency. The CL intensity of monomers was 
significantly influenced by the degree unsaturation as shown in Figure 3.13 (b). This was 
based on the fact that the CL intensity of monomers was dependent on the concentration 
of emitted radicals. The combined effects deriving from the length of carbon chain and 
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the unsaturation of degree seemed to influence the concentration of released radicals per 
mass of monomers. In contrast to all reactive monomers, the linoleate monomers had the 
highest CL intensity. It implied that the linoleate acrylate and linoleate methacrylate had 
a lower stability as the unsaturated C=C easily oxidized in the presence of oxygen 335, 343. 
3.6 Reactive Monomers Derived from Cottonseed Oil 
3.6.1 Synthesis of Reactive Monomers from Cottonseed Oil 
        Several acrylated and methacrylated linoleic acid based monomers with different 
purity levels from cottonseed oil were synthesized by following the same procedures as 
mentioned in Figure 3.1. The formula of each monomer is presented in the Table 3.4 and 
Table 3.5, respectively. 











LA (g/mmol) 2.80(10.0) 2.80(10.0) 2.80(10.0) 2.80(10.0) 2.80(10.0) 
DMAP (g/mmol) 0.122(1.0) 0.122(1.0) 0.122(1.0) 0.122(1.0) 0.122(1.0) 
DCM (mL) 40 40 40 40 40 
DCC (g/mmol) 2.27(11.0) 2.27(11.0) 2.27(11.0) 2.27(11.0) 2.27(11.0) 
HEA (g/mmol) 1.39(12.0) 1.39(12.0) 1.39(12.0) 1.39(12.0) 1.39(12.0) 
Yield (%) 90.6 88.2 77.7 88.5 69.1 
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Note: MLA0‒MLA3: fatty acid-based acrylates with the proportion of linoleic of 50.7%, 
71.1%, 89.9% and 95.3% respectivley derived from cottonseed oil. 











LA (g/mmol) 2.80(10.0) 2.80(10.0) 2.80(10.0) 2.80(10.0) 2.80(10.0) 
DMAP (g/mmol) 0.122(1.0) 0.122(1.0) 0.122(1.0) 0.122(1.0) 0.122(1.0) 
DCM (mL) 40 40 40 40 40 
DCC (g/mmol) 2.27(11.0) 2.27(11.0) 2.27(11.0) 2.27(11.0) 2.27(11.0) 
HEA (g/mmol) 1.56(12.0) 1.56(12.0) 1.56(12.0) 1.56(12.0) 1.56(12.0) 
Yield (%) 90.6 76.7 88.5 66.5 71.3 
Note: LMA0‒LMA3: fatty acid-based methacrylates with the proportion of linoleic of 
50.7%, 63.6%, 71.1% and 78.9% respectivley derived from cottonseed oil. 
3.6.2 Results and Discussion 
3.6.2.1 Chemical Structures of Monomers with Different Purity from Cottonseed Oil 
        The acrylated and methacrylated monomers with different purity of linoleic acid 
derived from cottonseed oil were studied. According to the Chapter 2 results, the different 
compositions of other fatty acids caused the differences in the FT-IR spectra of linoleic 
acid with varying purity. In fact, the purified cottonseed oils were a mixture of linoleic 
acid with other fatty acids, such as oleic acid, palmitic acid, etc. Linoleic acid dominated 
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the proportion of purified oil, and other fatty acids were present as contaminants. After 
the esterification with hydroxyethyl acrylate or methacrylate, the contaminants also 
converted into their corresponding monomers and existed in the final monomer products. 
In this section, the monomers with 95.3% of linoleic acid derived from cottonseed oil was 
characterized. The FT-IR spectra are shown in Figure 3.14. 







Note: MLA3: linoleate acrylate with the proportion of linoleic of 95.3% derived from 
cottonseed oil, HEA: 2-hydroxyethyl acrylate, LA3: linoleic acid with the proportion of 
95.3% derived from cottonseed oil. 
Figure 3.14 FT-IR spectra of linoleic acid-based acrylates from cottonseed oil 
        From the FT-IR results (Figure 3.14), a new peak emerged at 1620 cm−1 in the 
purified oil-based acrylate and was the absorption of terminal C=C double bonds. The 
changes of the characteristic peaks presented a similar trend with the pure linoleate 
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acrylate mentioned in the section 3.4.3.1. 1H NMR results also confirmed the chemical 
structures of synthesized acrylated monomers derived from cottonseed oil, and the results 
are shown in Figure 3.15. 
 
Note: MLA1: linoleate acrylate with the proportion of linoleic of 71.1% derived from 
cottonseed oil, MLA4: linoleate acrylate with the proportion of linoleic of 99.0% derived 
from commerciall linoleic acid. 
Figure 3.15 1H NMR spectra of acrylated monomers from cottonseed oil 
    As shown in Figure 3.15, new absorption peaks appeared in the spectra of acrylates 
in the range of 5.8‒6.5 ppm, which corresponded to the protons of the terminal C=CH2 
278. The peaks of the olefin emerged in the range of 5.0‒5.5 ppm related to the internal 
C=C. Compared to the 1H NMR spectra of linoleate acrylate with different purity, MLA 
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(71.7%) presented more peaks at the range of 1.0‒2.0 ppm since it was contaminated with 
other fatty acid-based acrylates. 
    The NMR spectra of fatty acid-based methacrylated monomers derived from 
cottonseed oil are shown in Figure 3.16. 
 




(b) 13C NMR of linoleate methacrylate with varying purity from cottonseed oil 
Note: LMA0 and LMA3: linoleate methacrylates with the proportion of linoleic of 50.7 
and 79.8% derived from cottonseed oil, LMA4: linoleate methacrylate with the 
proportion of linoleic of 99.0% derived from commercial linoleic acid. 
Figure 3.16 NMR spectra of methacrylated monomers from cottonseed oil 
        The appearance of the characteristic peaks of methacrylate in the fatty acid-based 
monomers indicated that the proposed methacrylated monomers were synthesized as 
expected. As shown in Figure 3.16 (a), when the purity of linoleic acid increased, the 
peaks of impurities reduced in the corresponding methacrylates. From Figure 3.16 (b), the 
four peaks, emerging at the range of 120‒140 ppm, were responsible for the characteristic 
peaks of the internal C=C from linoleic and oleic when the purity was 50.7% and 79.8%. 
The results indicated that oleic acid as the contaminant existed in the reactive monomers. 
When the purity was 99.0%, the peaks of the internal C=C deriving from oleic disappeared 
in the spectrum of LMA4 (99.0%). The peaks range from 10‒70 ppm from other fatty acid 
methacrylate contaminators faded away, when the purity of linoleic acid increased. 
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3.6.2.2 DSC of Monomers with Different Purity from Cottonseed Oil 
 
(a) Melting point and (b) freezing point of linoleate acrylates with varying purity from 
cottonseed oil, (c) melting point and (d) freezing point of linoleate methacrylateswith 
varying purity from cottonseed oil. Note: MLA0‒MLA3: fatty acid-based acrylates with 
the proportion of linoleic of 50.7%, 71.1%, 89.9% and 95.3% respectively derived from 
cottonseed oil, LMA0‒LMA3: fatty acid-based methacrylates with the proportion of 
linoleic of 50.7%, 63.6%, 71.1% and 78.9% respectively derived from cottonseed oil. 
Figure 3.17 DSC curves of reactive monomers from cottonseed oil 
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        As shown in Figure 3.17 (a) and Figure 3.17 (b), the acrylated monomers displayed 
obvious melting and freezing point when the purity was 50.7%. MLA0 (50.7%) had 
multiple melting points which were related to the hybrid effects of linoleate acrylate with 
other fatty acid-based acrylates such as palmitate acrylate, stearate acrylate and myristate 
acrylate. This was expected as the pure forms of each of these acrylates showed defined 
melting point so an increase in their contamination would be expected to show similar 
peaks. When the purity of linoleic acid increased to 71.1% or much higher, there were not 
obvious melting and freezing point observed in the corresponding acrylates. When the 
purity of linoleic acid was more than 71.1%, the corresponding monomers were the 
mixtures of linoleate acrylate and oleate acrylate. These two acrylates did not display 
obvious melting and freezing points for their pure forms (as shown in Figure 3.6). 
Likewise, the mixtures of linoleate acrylate and oleate acrylate also did not present 
obvious melting points and freezing points. 
        The melting and freezing point of linoleate methacrylates with different purity 
derived from cottonseed oil displayed a similar trend depending on the purity levels of 
linoleic moieties as shown in Figure 3.17 (c) and Figure 3.17 (d).  
3.6.2.3 TGA of Reactive Monomers with Different Purity from Cottonseed Oil 
        The TG and DTG curves of reactive monomers derive from cottonseed oil are shown 
in Figure 3.18. The summary of results is shown in Table 3.6. 
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(a) TG and (b) DTG curves of linoleate acrylates (MLA) with varying purity from 
cottonseed oil, (c) TG and (d) DTG curves of linoleate methacrylates (LMA) with 
varying purity from cottonseed oil. Note: MLA0‒MLA3: fatty acid-based acrylates with 
the proportion of linoleic of 50.7%, 71.1%, 89.9% and 95.3% respectively derived from 
cottonseed oil, LMA0‒LMA3: fatty acid-based methacrylates with the proportion of 
linoleic of 50.7%, 63.6%, 71.1% and 78.9% respectively derived from cottonseed oil. 
Figure 3.18 TG and DTG of reactive monomers from cottonseed oil 
Table 3.6 The summaries of TG results of monomers from cottonseed oil 
Name Purity (%) Td (ºC) 
190 
 
MLA0 50.7 237/420/542 
MLA1 71.1 235/426/522 
MLA2 89.9 234/424/530 
MLA3 95.3 217/427 
MLA4 99.0 177/321/428 
LMA0 50.7 157/234/397/516 
LMA1 63.6 163/236/403 
LMA2 71.1 165/234/406 
LMA3 79.8 242/422 
LMA4 99.0 247/428 
Note: MLA0‒MLA3: fatty acid-based acrylates with the proportion of linoleic of 50.7%, 
71.1%, 89.9% and 95.3% respectively derived from cottonseed oil, LMA0‒LMA3: fatty 
acid-based methacrylates with the proportion of linoleic of 50.7%, 63.6%, 71.1% and 
78.9% respectively derived from cottonseed oil. 
        As shown in Figure 3.18, the purity levels of linoleic acid from cottonseed oil 
influenced the thermal degradation behavior of their corresponding monomers. The 
starting thermal degradation temperature of acrylated monomers decreased when the 
purity of purified oil increased as shown in Figure 3.18 (b). The methacrylates showed a 
decrease on the thermal degradation temperature with increasing the purity of linoleic acid 
as shown in Figure 3.18 (d). 
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3.7 Reactive Comonomers from Commercial Fatty Acids 
3.7.1 Synthesis of Monomers with Varying Purity from Fatty Acids 
        The linoleic acid and oleic acid dominated the main proportion accounting to 99% in 
purified fatty acids, but it still had some trace fatty acids as shown in Chapter 2. To confirm 
the assumption on melting and freezing point of reactive monomers with varying purity 
from cottonseed oil (Figure 3.17), two fatty acids mixtures from pure commercial fatty 
acids were prepared and then were converted into their methacrylated monomers in order 
to eliminate the effect of trace fatty acids. One fatty acid mixture was linoleic acid and 
oleic acid with different proportions, and the other was linoleic acid and palmitic acid with 
different proportions. The proportion of these three fatty acids is shown in Table 3.7. 
Table 3.7 The proportion of fatty acid mixture with varying purity 
Monomer Name Compositions (%) 
Linoleic Oleic Palmitic 
LMA-O (49.8%) 49.8 50.2 0 
LMA-O (59.8%) 59.8 40.2 0 
LMA-O (74.9%) 74.9 25.1 0 
LMA-O (99.0%) 99.0 0 0 
LMA-P (52.2%) 52.2 0 47.8 
LMA-P (62.1%) 62.1 0 37.9 
LMA-P (77.0%) 77.0 0 23.0 
LMA-P (85.9%) 85.9 0 14.1 
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Note: LMA-O: comonomers of linoleate methacrylate and oleate methacrylate, LMA-P: 
comonomers of linoleate methacrylate and palmitate methacrylate. E.g. (49.8%): the 
proportion of linoleic acid in fatty acid mixture was 49.8%. 
3.7.2 DSC of Comonomers with Varying Purity from Commercial Fatty Acids 
        The melting and freezing points of comonomers with varying purity from 
commercial fatty acids were recorded by DSC (Figure 3.19). 
 
(a) Melting point and (b) freezing point of linoleate and oleate methacrylate mixture 
(LMA-O), (c) melting point and (d) freeing point of linoleate and palmitate methacrylate 
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mixture (LMA-P). Note: LMA-P: linoleate and palmitate methacrylate mixture from 
commercial fatty acids. LMA-O: linoleate and oleic methacrylate mixture from 
commercial fatty acids. LMA-O (49.8%): linoleate and palmitate methacrylate mixture 
with the proportion of linoleic of 49.8%, LMA-P (52.2%): linoleate and palmitate 
methacrylate mixture with the proportion of linoleic of 52.2%. 
Figure 3. 19 DSC curves of reactive monomers from commercial fatty acids 
    As shown in Figure 3.19 (a) and (b), only one obvious melting point was observed 
when the purity of linoleate methacrylate was 49.8%. The melting and freezing behavior 
of monomers were dependent on the performance of linoleate methacrylate when the 
purity increased. As mentioned in Figure 3.6, the linoleate methacrylate did not have an 
obvious melting and freezing point, and oleate methacrylate has only one obvious melting 
point. With the increasing purity, the content of linoleate increased while the proportion 
of oleate methacrylate decreased. That is why there are no obvious melting point and 
freezing point when the purity was higher than 49.8%. 
    When the monomers contained saturated fatty acid moieties, the melting and freezing 
behavior presented different results as shown in Figure 3.19 (c) and (d). With the decrease 
of saturated fatty acid moieties in the monomers, the melting and freezing point shifted to 
a lower temperature, and the melting point showed multiple values. 
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    In the linoleate methacrylates with varying purity derived from cottonseed oil, the 
increasing purity means the decreasing of proportion of oleate methacrylate and other 
saturated fatty acid-based methacrylates. When the purity was higher than 78.9%. The 
monomers mainly contain linoleate methacrylate and a small amount of oleate 
methacrylate. Therefore, the melting and freezing behavior of monomers from cottonseed 
oil mainly showed the behavior of unsaturated fatty acid-based methacrylates. These 
results were consistent with the previous results (Figure 3.17). 
3.8 Conclusions 
    It is concluded that acrylate/methacrylate monomers containing long side-chain fatty 
acids were synthesized as evidenced by FT-IR, 1H NMR, 13C NMR and MS. The 
synthesized reactive monomers displayed different melting and freezing behavior 
depending on the length of carbon chain, the degree of unsaturation and the types of 
functional groups. When the length of the fatty acid chain increased, the melting and 
freezing point of fatty acid-based reactive monomers shifted to a higher temperature, 
while as the degree of unsaturation increased, the melting and freezing point changed to a 
lower temperature. The fatty acid-based methacylates had a lower melting and freezing 
point than that of the corresponding fatty acid-based acrylates. The degree of unsaturation 
and the functional groups led to the changes in the thermal degradation process. The 
degree of unsaturation increased the CL intensity of reactive monomers. The purity levels 
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of linoleic acid from cottonseed oil had a slight influence on melting and freezing point of 
its reactive monomers, but the starting thermal decomposition temperature decrease with 
increasing purity of linoleic. The synthesized reactive monomers can be used for the 














4. Polymers Derived from Cotton Seed Oil 
4.1 Introduction 
        The development, design, fabrication and use polymers have played an important 
role in the improvement of human life. Due to the environmental problems mainly caused 
by the consumption of petroleum oil, the use of biomass sources as feedstock has been 
employed 344.  
        Cottonseed oil as a biomass source is primarily used in food 22. A small quantity of 
cottonseed oil is employed in cosmetics 23 and other industrial uses, such as insecticides, 
rubber and explosives 24-26. Only a few studies on the preparation of polymers derived 
from cottonseed oil have been reported 10, 12-13, 345-346, such as polyetheramide coatings 300, 
345, amine cured epoxy resin 347 and polyurethane coatings 298. In these studies, 
triglycerides from cottonseed oil were used as the starting materials, and the synthesized 
polymers mainly were thermosets which had limited applications such as coatings and 
resins for composites. However, newer and more sophisticated polymeric products 
necessitate tailoring the structure of polymers. 
        The techniques of reversible deactivation radical polymerization have provided a 
platform for the architecture of controllable polymer structure. These techniques, 
including Nitroxide-Mediated Radical Polymerization, Atom Transfer Radical 
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Polymerization and Reversible Addition Fragmentation Chain Transfer Polymerization 
(RAFT), can generate multifunctional polymers with controlled structures and improved 
properties 348. Among these techniques, RAFT polymerization is a technically simple 
living polymerization method since it only requires the addition of a small molecule chain 
transfer agent to a traditional free radical polymerization system 348-349. And it has been 
shown to synthesize polymers with controlled chemical structure, molecular weight and 
narrow polydispersity 350. The most attractive point of RAFT polymerization is that the 
synthesized RAFT polymers still have the living thiocarbonylthio group which provides 
a promising reactive site for further functionalization to modify the properties of final 
polymer products. Up to now, this method is employed in the preparation of petroleum 
based-polymers such as poly(styrene)-g-poly(acrylonitrile) 351, poly(methyl acrylate)-g- 
poly(N-vinylcarbazole)-g-poly(vinyl acetate) 352 and poly(divinylbenzene) 353. Limited 
research has been reported on the synthesis of polymers derived from fatty acid sources 
(e.g. lauric acid 315, 319, palmitic 277, oleic 224, 320) by the use of RAFT polymerization 
method. In these studies, the monomers containing fatty acid moieties were normally 
copolymerized with commercial petroleum oil-based monomers such as poly(ethylene 
glycol) methyl ether methacrylate, styrene, and methyl methacrylate. Therefore, the 
biomass content in these synthesized polymers were lower than 50%. 
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    In this chapter, we will extend the use of RAFT polymerization in the synthesis of 
polymers derived from cottonseed oil. Free fatty acids from cottonseed oil derived from 
biomass resources were incorporated into the polymeric chain by the use of RAFT 
polymerization. The molecular structures of synthesized polymers with biomass of 
62%−70% were confirmed by infrared spectroscopy and nuclear magnetic resonance 
spectroscopy. The polymerization kinetics of three main fatty acid-based methacrylated 
monomers (palmitic, linoleic and oleic acid-based methacrylate) were investigated. The 
effect of length of carbon chain, degree of unsaturation, the introduced functional groups, 
and the purity of linoleic moieties on the properties of the final polymers were studied. 
The remaining internal C=C double bonds from unsaturated fatty acids (e.g. linoleic and 
oleic) in the structure of synthesized RAFT polymers can provide a reactive point for post-
functional polymerization. 
4.2 Materials 
        4-Cyano-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid (CDP, 97%) was 
purchased from Strem. 2,2’-Azobisisobutyronitrile (AIBN, Sigma, 98%) was 
recrystallized from methanol. Dimethylacetamide (DMAc, 99.8%), dimethylformamide 
(DMF, 99.8%), toluene (99.8%), and anhydrous tetrahydrofuran (THF, 99%) were 
purchased from Sigma-Aldrich. Anhydrous dichloromethane (DCM, ≥99.8%), dimethyl 
sulfoxide (DMSO, 99.9%), N-methyl-2-pyrrolidone (NMP, ≥99.5%) and 
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hexafluoroisopropanol (HFIP, ≥99.0%) were obtained from Merck. Ethyl acetate 
(≥99.5%) were supplied by VWR (Australia). Fatty acid-based acrylates and 
methacrylates were prepared as mentioned in Chapter 3.  
4.3 Methodology 
4.3.1 Synthesis of Homopolymers via RAFT Polymerization 
        The synthetic strategy that was pursued to deliver the reactive monomers for the 
































Figure 4.1 Synthesis protocols of homopolymers by RAFT polymerization 
        AIBN was used as the initiator in the presence of RAFT agent to afford a controlled 
living polymerization. Anhydrous tetrahydrofuran was used as the solvent. A RAFT agent 
of 4-cyano-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid was mediated the RAFT 
polymerization via a reversible chain-transfer process 354. 
4.3.2 Synthesis of RAFT Copolymers 
        In the purified oil from cottonseed oil, it contained at least two fatty acid components. 
The fatty acid components were converted into their reactive monomers and then were 
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polymerized to form their RAFT polymers. In the RAFT polymerization, it contained at 
least two fatty acid-based monomers. Therefore, the synthesis of RAFT polymers derived 

















































Figure 4.2 Synthesis protocol of copolymers by RAFT polymerization 
4.3.3 Characterization Methods 
4.3.3.1 Monomer Conversion Rate 
        Gravimetric analysis was performed to determine the percentage of solid in the final 









）（                                                                         4.1 
where ə is the conversion rate of monomer, WP is the weight of purified polymer, WM is 
the weight of the monomer and WR is the weight of RAFT agent.  
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4.3.3.2 Theoretical Value of Number Molecular Weight 
        The theoretical value of number-average molecular weight of each RAFT polymer 
can be calculated by the following equation 4.2. 
( )










,                                                                4.2 
where ə is the conversion rate of monomer, (M)0/(R)0 is the molar ratio of monomer to 
RAFT agent, MM is the molecular weight of the monomer, MR is the molecular weight of 
RAFT agent. 
4.3.3.3 Thin-Layer Chromatography 
        Thin-layer chromatography (TLC) was carried out following the method in Chapter 
3 Section 3.3.2.2. 
4.3.3.4 Gel Permeation Chromatography Analysis 
        Molecular weights and molecular weight distributions of the polymers were 
determined by gel permeation chromatography (GPC). The GPC apparatus contains a 
Waters 515 HPLC pump, a Waters 2414 refractive index detector (Waters, USA), one 
Polar Gel-M guard column (50×7.5 mm) and a PL Gel 5μm column (300×7.5 mm) using 
THF or chloroform as the mobile phase at 30 °C at 1.0 mL/min flow rate. Poly(methyl 
methacrylate) (PMMA) standards were used to calibrate the GPC apparatus. Before the 
analysis, all the samples were dissolved in THF or chloroform and then filtered through 
0.45 µm polytetrafluoroethylene syringe filters (Thermal Fisher, USA). 
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4.3.3.5 Nuclear Magnetic Resonance Spectroscopic Analysis 
        The chemical structures of synthesized polymers were determined by 1H NMR 
spectra were recorded following the method in Chapter 3 Section 3.3.2.3. The theoretical 











×=,                                                              4.3  
where n is the number ratio of the characteristic proton of monomer and RAFT agent, IM 
and IR are the characteristic peaks area of monomer and RAFT agent, MM is the molecular 
weight of monomer, MR is the molecular weight of RAFT agent. 
4.3.3.6 Fourier Transform Infrared Spectroscopic Analysis 
        The FT-IR spectra of polymers were collected following the method in Chapter 3 
Section 3.3.2.5. 
4.3.3.7 Differential Scanning Calorimeter Analysis 
        DSC analysis was done following the method in Chapter 2 Section 2.9.2.2. Melting 
point (Tm) and freezing point (TF) were measured from DSC curves. 
4.3.3.8 Thermogravimetric Analysis 
        TGA analysis was done following the method in Chapter 2 Section 2.9.2.3. 
4.3.3.9 Rheology Analysis 
        Rheological properties of synthesized polymers were recorded on TA Rheometer 
(TA, HR-3, USA) equipped with a variable temperature Peltier plate and a 40 mm 2° 
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aluminum cone. Temperature sweeps (10‒80 °C, 2 °C/min) were conducted at 1.0% strain 
using an angular frequency of 10 rad/s. The oil standard (certified viscosity reference 
standard, Cannon Instrument Company) was used to calibrate the rheometer. 
4.3.3.10 Water Contact Angle 
The static water contact angle of the sample was measured at room temperature and 
65% relative humidity using a contact angle goniometer (DSA, Kruss Gmbh, Germany) 
by a sessile drop method with a 2 μL water droplet. The average contact angle value was 
obtained from the same sample at five different positions. 
4.4 RAFT Homopolymers from Commercial Fatty Acids 
4.4.1 Synthesis of RAFT Homopolymers from Commercial Fatty Acids 
    All RAFT homopolymers were synthesized by following the general procedure 
below: 
    Monomer (3.12 mmol), CDP (15.6 µmol), AIBN (3.1 µmol) and THF (1.00 g) were 
added to a single-neck round flask equipped with a magnetic stir bar. The reaction mixture 
was purged with anhydrous nitrogen for 15 min and then stirred for 24 hours at 70 °C. 
The reaction was quenched in an ice-water bath, and then the product was precipitated 
with methanol at least five times from acetone solution. The precipitate was dried under 
high vacuum at room temperature, and a light yellow polymer was obtained. 
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4.4.1.1 Synthesis of RAFT Homopolymers from Fatty Acid-based Acrylates 
Synthesis of RAFT Poly(linoleate acrylate): PLAR 
        PLAR (a light yellow solid with a yield of 90.1%): 1H NMR (500 MHz, DMSO-d6), 
δ (ppm) = 5.53 (–CH=CH–), 4.30–3.94 (–O–CH2–CH2–O–), 3.51 (–S–C=S–S–CH2), 
2.45 (–CH=CH–CH2–CH=CH–), 2.05 (–CH2–CH=CH–CH2–), 1.20 (–CH2–CH2–CH2–
CO), 0.81 (–CH3). FT-IR (cm–1): 3477 (–OH stretching), 2927 and 2856 (CH3/CH2 
stretching), 2338 (–CN stretching), 1730 (C=O carbonyl stretching vibrations), 1460 
(symmetric O=C–O– stretching), 1160 (O–C stretching ester), 731. Biomass content: 
69%. 
Synthesis of RAFT Poly(myristate acrylate): PMAR 
        PMAR (a light yellow solid with a yield of 86.7%): 1H NMR (500 MHz, CDCl3), δ 
(ppm) = 4.44–4.12 (–OCH2–CH2O–), 3.48 (–S–C=S–S–CH2–), 2.33 (O=CCH2), 1.61 
(O=CCH2–CH2), 1.27 (–(CH2)10–CH3), 0.89 (–CH3). FT-IR (cm–1): 2923 and 2855 
(CH3/CH2), 1737 (C=O), 1464, 1164 (C–O), 724. Mn: 2.54×104, MW: 3.96×104, 
polydispersity: 1.56. Tm: 41.1 °C and TF: 27.5 °C. Biomass content: 65%. 
Synthesis of RAFT Poly(palmitate acrylate): PPAR 
        PPAR (a light yellow solid with a yield of 93.5%): 1H NMR (500 MHz, CDCl3), δ 
(ppm) = 4.37 and 4.32 (OCH2–CH2O–), 3.42 (–S–C=S–S–CH2), 2.33 (O=CCH2), 1.62 
(O=CCH2–CH2), 1.30–1.26 (–(CH2)12–CH3), 0.89 (–CH3). FT-IR (cm–1): 3304 (–OH), 
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2927, 2850 (CH3/CH2), 1736 (C=O), 1468, 1378, 1154 (C–O), 725. Mn: 1.12×104, MW: 
1.84×104, polydispersity: 1.64. Tm: 51.0 °C and TF: 30.7 °C. Biomass content: 68%. 
Synthesis of RAFT Poly(oleate acrylate): POAR  
        POAR (a light yellow sticky liquid with a yield of 80.6%): 1H NMR (500 MHz, 
CDCl3), δ (ppm) = 5.27 (–CH=CH–), 4.30–3.94 (O–CH2–CH2–O), 3.47 (–S–C=S–S–
CH2), 2.25 (–CH2–CH2–CH2–CO–), 1.94 (–CH2–CH=CH–CH2–), 1.55 (–CH2–CH2–
CH2–CO–), 1.21 (–(CH2)6–CH2–CH=CH–CH2–(CH2)4–), 0.81 (–CH3). FT-IR (cm–1): 
3496 (–OH), 2920 and 2850 (CH3/CH2), 1743 (C=O carbonyl stretching vibrations), 1461 
(symmetric O=C–O– stretching), 1148 (C–O–C stretching ether), 719. Biomass content: 
70%. 
Synthesis of RAFT Poly(stearate acrylate): PSAR 
        PSAR (a light yellow solid with a yield of 89.2%): 1H NMR (500 MHz, CDCl3), δ 
(ppm) = 4.43–4.10 (OCH2–CH2O–), 3.49 (–S–C=S–S–CH2), 2.32 (O=CCH2), 1.61 
(O=CCH2–CH2), 1.27 (–(CH2)12–CH3), 0.90 (–CH3). FT-IR (cm–1): 3451 (–OH), 2914 
and 2856 (C–H), 1743 (C=O), 1474 and 1164 (C–O), 719. Mn: 6.67×104, MW: 9.67×104, 
polydispersity: 1.45. Tm: 59.7 °C and TF: 49.5 °C. Biomass content: 70%. 
4.4.1.2 Synthesis of RAFT Homopolymers from Fatty Acid-based Methacrylates 
Synthesis of RAFT Poly(myristate methacrylate): PMMAR 
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        PMMAR (a light yellow liquid with a yield of 74.7%): 1H NMR, 500 MHz, CDCl3, 
δ (ppm): 4.26–3.97 (–OCH2–CH2O–), 3.42 (–S–C=S–S–CH2–), 2.27 (O=CCH2), 1.53 
(O=CCH2–CH2), 1.18 (–(CH2)10–CH3), 0.82 (–CH3). FT-IR (cm–1): 3458 (–OH), 2927 
and 2856 (CH3/CH2), 1736 (C=O), 1461, 1378, 1250, 1141 (C–O), 719. Mn: 2.68×104, 
MW: 3.84×104, polydispersity: 1.41. Tm: 3.9 °C and TF: –5.3 °C. Biomass content: 62%. 
Synthesis of RAFT Poly(palmitate methacrylate): PPMAR 
        PPMAR (a light yellow solid with a yield of 95.2%): 1H NMR (500 MHz, CDCl3, δ 
(ppm): 4.27–3.98 (–OCH2–CH2O–), 3.39 (–S–C=S–S–CH2–), 2.26 (O=CCH2), 1.54 
(O=CCH2–CH2), 1.18 (–(CH2)12–CH3), 0.81 (–CH3). FT-IR (cm–1): 3458 (–OH), 2920 
and 2838 (CH3/CH2), 1730 (C=O), 1461, 1372, 1244, 1160 (C–O), 725. Mn: 2.76×104, 
MW: 3.29×104, polydispersity: 1.19. Tm: 25.8 °C and TF: 16.6 °C. Biomass content: 65%. 
Synthesis of RAFT Poly(linoleate methacrylate): PLMAR 
        PLMAR (a light yellow liquid with a yield of 87.6%): 1H NMR, 500 MHz, CDCl3, δ 
(ppm): 5.36 (–CH2–CH=CH–CH2–), 4.48–4.03 (O–CH2–CH2–O), 3.48 (–S–C=S–S–
CH2–), 2.76 (–CH=CH–CH2–CH=CH–), 2.32 (CH2–CH2-CH2–CO–CH2–), 2.04 (–CH2–
CH=CH–CH2–), 1.61 (–CH2–CH2–CH2–CO), 1.33 (–(CH2)5–CH2–CH=CH–CH2–
CH=CH–(CH2)2–), 0.89 (–CH3). FT-IR (cm–1): 3451 (–OH), 3010 (cis–CH=CH–), 2927 
and 2850 (CH3/CH2 stretching), 2127 (CN), 1730 (C=O carbonyl stretching vibrations), 
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1461 (symmetric COO– stretching), 1148 (O–C stretching ester), 1045 (C–O–C stretching 
ether), 712. Mn: 1.01×104, MW: 1.39×104, polydispersity: 1.39. Biomass content: 67%. 
Synthesis of RAFT Poly(oleate methacrylate): POMAR 
        POMAR (a light yellow liquid with a yield of 84.4%). 1H NMR, 500 MHz, CDCl3, δ 
(ppm): 5.27 (–CH=CH–), 4.34–3.90 (O–CH2–CH2–O), 3.42 (–S–C=S–S–CH2–), 2.25 (–
CH2–CH2–CO–), 1.95 (–CH=CH–CH3), 1.54 (O=CCH2–CH2), 1.22 (–(CH2)12–CH3), 
0.82 (–CH3). FT-IR (cm–1): 3484 (–OH), 3002 (cis–CH=CH–CH2=CH–), 2927 and 2850 
(CH3/CH2 stretching), 2120 (CN), 1736 (C=O carbonyl stretching vibrations), 1461 
(symmetric COO– stretching), 1051 (C–O–C stretching ether), 719. Mn: 3.42×104, MW: 
4.38×104, polydispersity: 1.28. Biomass content: 67%. 
Synthesis of RAFT Poly(stearate methacrylate): PSMAR 
        PSMAR (a light yellow solid with a yield of 90.8%): 1H NMR, 500 MHz, CDCl3, δ 
(ppm): 4.30–3.95 (–OCH2–CH2O–), 3.42 (–S–C=S–S–CH2–), 2.26 (O=CCH2), 1.56 
(O=CCH2–CH2), 1.19 (–(CH2)14–CH3), 0.82 (–CH3). FT-IR (cm-1): 3490 (–OH), 2914, 
2844 (CH3/CH2), 1730 (C=O), 1468, 1384, 1250, 1160 (C–O), 1045, 719. Mn: 2.67×104, 
MW: 3.20×104, polydispersity: 1.21. Tm: 41.7 °C and TF: 33.0 °C. Biomass content: 68%. 
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4.4.2 RAFT Homopolymers from Fatty Acid-based Acrylates 
4.4.2.1 TLC Analysis 
        The TLC results of monomers before and after polymerization are shown in Figure 
4.3. 
 
Figure 4.3 TLC results of acrylated monomers and the RAFT homopolymers 
        From TLC results, a single spot was present on the silica plate before polymerization 
was associated with the unsaturated C=C double bonds of the reactive monomer. After 
polymerization, the spot position changed or vanished since the terminal C=C double 
bonds were polymerized which led to the change of chemical structure from unsaturated 
ethylene into saturated ethyl. The results implied that the polymerization reaction of 
reactive monomers occurred and almost no monomer was left in the purified RAFT 
polymers. 
4.4.2.2 FT-IR of RAFT Homopolymers from Fatty Acid-based Acrylates 
        The FT-IR spectra of RAFT homopolymers are shown in Figure 4.4. 
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(a) The overlay FT-IR spectra of myristic acid (MA), myristate acrylate (MMA) and 
RAFT poly(myristate acrylate): (PMAR) 










(b) The overlay FT-IR spectra of palmitic acid (PA), palmitate acrylate (MPA) and 
RAFT poly(palmitate acrylate): (PPAR) 
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(c) The overlay FT-IR spectra of linoleic acid (LA), linoleate acrylate (MLA) and RAFT 
poly(linoleate acrylate): (PLAR) 













(d) The overlay FT-IR spectra of oleic acid (OA), oleate acrylate (MOA) and  
RAFT poly(oleate acrylate): (POAR) 
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(e) The overlay FT-IR spectra of stearic acid (SA), stearate acrylate (MSA) and RAFT 
poly(stearate acrylate): (PSAR) 
Figure 4.4 FT-IR spectra of RAFT homopolymers from fatty acid-based acrylates 
        As shown in Figure 4.4 (a), (b) and (d), compared to the spectra between monomers 
and the polymers, the peaks of the terminal C=C at range of 1600‒1640 cm‒1 disappeared 
in the RAFT homopolymer spectra. The changes of the terminal C=C demonstrated that 
the proposed polymerization reaction was established. In Figure 4.4 (c) and (d), the 
intensity of C=C peak located in the region of 1600‒1640 cm‒1 reduced significantly due 
to the polymerization of reactive monomers which led to the chemical structure from 
ethylene to ethyl. The weak absorption peak of C=C still appeared in the region of 1600‒
1640 cm‒1, which belonged to the internal C=C derived from oleic and linoleic moieties. 
The results demonstrated that the polymerization reaction conducted on the terminal C=C 
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from the functional groups, and the internal C=C did not participate in the polymerization 
reaction. A weak absorption peaks located in the range of 3300‒3600 cm‒1, which 
belonged to the carboxylic acid group from RAFT agent. It implied that the RAFT agent 
was in the polymeric chain of polymers. 
4.4.2.3 1H NMR of RAFT Homopolymers from Fatty Acid-based Acrylates 
        The chemical structures of RAFT homopolymers from fatty acid-based acrylates 
were confirmed by 1H NMR. 
 
(a) The overlay 1H NMR spectra of myristic acid (MA), myristate acrylate 
(MMA) and RAFT poly(myristate acrylate): (PMAR) 
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(b) The overlay 1H NMR spectra of palmitic acid (PA), palmitate acrylate (MPA) and 
RAFT poly(palmitate acrylate): (PPAR) 
 
(c) The overlay 1H NMR spectra of linoleic acid (LA), linoleate acrylate (MLA) 




(d) The overlay 1H NMR spectra of oleic acid (OA), oleate acrylate (MOA) and RAFT 
poly(oleate acrylate): (POAR) 
 
(e) The overlay 1H NMR spectra of stearic acid (SA), stearate acrylate (MSA) and 
RAFT poly(stearate acrylate): (PSAR) 
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Figure 4.5 1H NMR spectra of RAFT homopolymers from fatty acid-based acrylates 
        As shown in Figure 4.5, the characteristics peaks of the terminal CH=CH double 
bonds at the range of 5.8‒6.5 ppm emerged in the reactive monomers. After 
polymerization, the corresponding peaks of the terminal C=C disappeared in the spectra 
of the polymers. Because the terminal C=C were joined together to form the polymer 
structures. Weak peaks were observed in the range of 3.40–3.55 ppm corresponding to the 
–S–C=S–S–CH2–C11H23 fragment protons 355. It was proven that the RAFT agent was 
grafted into the polymer chain. In Figure 4.5 (c) and (d), the peaks at 5.53 ppm and 5.27 
ppm respectively were still displayed in the spectra of the RAFT poly(linoleate acrylate) 
and RAFT poly(oleate acrylate), which belonged to the internal C=C of unsaturated fatty 
acid moieties. This implied that the internal C=C derived from linoleic acid or oleic acid 
still presented in the polymer chain. 
4.4.2.4 GPC of RAFT Homopolymers from Fatty Acid-based Acrylates 
        The molecular weight and polydispersity of homopolymers were measured by the 
use of GPC. From the GPC results (Table 4.1), the number-average molecular weight of 
polymers was more than 10 thousand. It demonstrated that the polymeric structures were 
achieved. Another evidence of the formation of polymers was the fact that the RAFT 
poly(linoleate acrylate) and poly(oleate acrylate) did not dissolve in the most common 
solvents. In particular none of the solvents used for GPC testing would dissolve the RAFT 
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poly(linoleate acrylate) and poly(oleate acrylate) hence the GPC data of these two 
polymers was not able to be obtained. 
Table 4.1 Molecular weight and polydispersity of RAFT poly(acrylates) from fatty acids 
Polymers Mn (104 Dalton) Mw (104 Dalton) Polydispersity 
PMAR 2.54 3.96 1.56 
PPAR 1.12 1.84 1.64 
PLAR -- -- -- 
POAR -- -- -- 
PSAR 6.67 9.67 1.45 
Note: PMAR: RAFT poly(myristate acrylate), PPAR: poly(palmitate acrylate), PLAR: 
poly(linoleate acrylate), POAR: poly(oleate acrylate), and PSAR: poly(stearate acrylate). 
4.4.2.5 DSC of RAFT Homopolymers from Fatty Acid-based Acrylates 
        Some of the important industrial polymers are semi-crystalline, and the melting and 
crystallization behavior affect both properties and processing conditions. Therefore, the 
melting point and freezing point are important properties for the polymers and can give a 
guild to determine potential applications of these RAFT polymers. 
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The overlay (a) melting point and (b) freezing point of myristic acid (MA), myristate 
acrylate (MMA) and RAFT poly(myristate acrylate): (PMAR), (c) Melting point and (d) 
freezing point of palmitic acid (PA), palmitate acrylate (MPA) and RAFT poly(palmitate 
acrylate): (PPAR), (e) Melting point and (f) freezing point of linoleic acid (LA), linoleate 
acrylate (MLA) and RAFT poly(linoleate acrylate): (PLAR), (g) Melting point and (h) 
freezing point of oleic acid (OA), oleate acrylate (MOA) and RAFT poly(oleate 
acrylate): (POAR), (i) Melting point and (j) freezing point of stearic acid (SA), stearate 
acrylate (MSA) and RAFT poly(stearate acrylate): (PSAR) 
Figure 4.6 DSC curves of RAFT homopolymers from fatty acid-based acrylates 
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    Figure 4.6 presented the melting and crystallization behavior of RAFT poly(acrylate) 
from fatty acids recorded by the use of DSC. As shown in Figure 4.6, the RAFT polymers 
derived from saturated fatty acids including myristic acid, palmitic acid and stearic acid, 
displayed obvious melting and crystalline behavior, depending on the length of fatty acids 
chain. In contrast, the RAFT polymers derived from unsaturated fatty acids including 
linoleic acid and oleic acid did not have an obvious melting point and freezing point. This 
was due to the internal C=C in the structure of RAFT poly(linoleate acrylate) and 
poly(oleate acrylate) increased the flexibility of the polymeric chain which led to the 
significant decrease of crystallinity. Compared with the DSC curves of RAFT polymers 
from saturated fatty acids, the freezing point of RAFT polymers located between the 
melting point (Tm) of fatty acids and Tm of the corresponding reactive monomers. It was 
because of the changes in the chemical structures. The functional groups containing 
thermal C=C reacted in fatty acids chain increased the flexibility of the molecular chain 
that resulted in the decrease of crystallinity. After polymerization, the flexible C=C was 
jointed together to form the polymeric chain which limited the molecular movement to 
increase the crystallinity. The melting point in the saturated fatty acid-based poly(acrylate) 
also showed a similarly increasing tendency with increasing length of the fatty acid chain. 
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4.4.2.6 TGA of RAFT Homopolymers from Fatty Acid-based Acrylates 
    The temperature of thermal composition of polymers can guide how to use and 
process the polymer materials 356. The thermal degradation properties under nitrogen 
atmosphere were conducted by thermal gravimetric analysis (TGA), and the results are 
shown in Figure 4.7. 


































































































































































































































































The overlay curves of (a) TG and (b) DTG of myristic acid (MA), myristate acrylate 
(MMA) and RAFT poly(myristate acrylate): (PMAR), (c) TG and (d) DTG of palmitic 
acid (PA), palmitate acrylate (MPA) and RAFT poly(palmitate acrylate): (PPAR), (e) TG 
and  (f) DTG of linoleic acid (LA), linoleate acrylate (MLA) and RAFT poly(linoleate 
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acrylate): (PLAR), (g) TG and (h) DTG of oleic acid (OA), oleate acrylate (MOA) and 
RAFT poly(oleate acrylate): (POAR), (i) TG and (j) DTG of stearic acid (SA), stearate 
acrylate (MSA) and RAFT poly(stearate acrylate): (PSAR) 
Figure 4.7 TG and DTG curves of RAFT homopolymers from fatty acid-based acrylates 
    As shown in Figure 4.7, the thermal degradation behavior changed from the fatty 
acids to the final RAFT polymers. The functional groups in the fatty acid chain decreased 
the starting decomposition temperature, but improved the temperature at the main 
decomposition stage. Because the terminal C=C double bonds in the fatty acid chain were 
more susceptible to thermal decomposition. In the early decomposition stage, the terminal 
C=C double bonds were oxidized or polymerized which led to the improvement of thermal 
stability of the polymers. Introduced RAFT-end in the polymers resulted in the decrease 
of starting decomposition temperature since the sulfone bonds had a lower decomposition 
temperature. 
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4.4.3 RAFT Homopolymers from Fatty Acid-based Methacrylates   
4.4.3.1 FT-IR of Homopolymers from Fatty Acid-based Methacrylates 
 
(a) The overlay FT-IR spectra of myristic acid (MA), myristate methacrylate (MMMA) 




(b) The overlay FT-IR spectra of palmitic acid (PA), palmitate methacrylate (PMA) and 
RAFT poly(palmitate methacrylate): PPMAR 
 
(c) The overlay FT-IR spectra of linoleic acid (LA), linoleate methacrylate (LMA) and 
RAFT poly(linoleate methacrylate): PLMAR 
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(d) The overlay FT-IR spectra of oleic acid (OA), oleate methacrylate (OMA) and 
RAFT poly(oleate methacrylate): POMAR 
 
(e) The overlay FT-IR spectra of stearic acid (SA), stearate methacrylate (SMA) and 
RAFT poly(stearate methacrylate): PSMAR 
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Figure 4.8 FT-IR spectra of RAFT homopolymers from fatty acid methacrylates 
        As shown in Figure 4.8, when comparing the spectra of the monomers and polymers, 
the peaks of the terminal C=C at range of 1600‒1640 cm‒1 disappeared in the 
homopolymer spectra. The peaks of unsaturated =C-H bond (3000‒3010 cm‒1) also 
disappeared in the spectra of the polymers. The results on the changes of the terminal C=C 
double bonds demonstrated that the polymerization reaction kept consistent with the 
proposed reaction. In addition, weak peaks appeared in the spectra of the polymers (3300 
‒3600 cm‒1), which were corresponding to the carboxylic acid from RAFT agent. The 
results implied that the RAFT reagent was added into the polymer chain. 
4.4.3.2 1H NMR of Homopolymers from Fatty Acid-based Methacrylates 
        The chemical structures of RAFT homopolymers are confirmed by 1H NMR. The 
results are shown in Figure 4.9. 
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(a) The overlay 1H NMR spectra of myristic acid (MA), myristate methacrylate 
(MMMA) and RAFT poly(myristate methacrylate): PMMAR 
 
(b) The overlay 1H NMR spectra of palmitic acid (PA), palmitate methacrylate 




(c) The overlay 1H NMR spectra of linoleic acid (LA), linoleate methacrylate (LMA) 
and RAFT poly(linoleate methacrylate): PLMAR 
 
(d) The overlay 1H NMR spectra of oleic acid (OA), oleate methacrylate (OMA) and 
RAFT poly(oleate methacrylate): POMAR 
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(e) The overlay 1H NMR spectra of stearic acid (SA), stearate methacrylate (SMA) and 
RAFT poly(stearate methacrylate): PSMAR 
Figure 4.9 1H NMR spectra of RAFT homopolymers from fatty acid-based 
methacrylates 
        As shown in Figure 4.9, each peak was labelled in the spectra. Compared to the 
spectra from fatty acids to the final polymers, the obvious changes on the peak positions 
ranging from 6.5 ppm to 5.8 ppm were observed before and after polymerization. Before 
polymerization, the characteristic peaks of the terminal C=C double bonds at the range of 
5.8‒6.5 ppm were present in the monomer spectra. The corresponding peaks disappeared 
in the spectra of the polymers after polymerization. A weak absorption peak of protons 
from the RAFT segment (–S–C=S–S–CH2–) 355 was observed in each RAFT polymer in 
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the range of 3.40‒3.52 ppm. It demonstrated that the RAFT agent reacted into the 
polymeric chain. 
4.4.3.3 GPC of Homopolymers from Fatty Acid-based Methacrylates 
        The molecular weight and polydispersity of homopolymers derived from fatty acid 
methacrylates were measured by using GPC. From the GPC results as shown in Table 4.2, 
the number-average molecular weight of the polymers were determined to be more than 
10 thousand. The narrow polydispersity of RAFT polymers derived from fatty acid-based 
methacrylates demonstrated that the controlled polymerization was feasible by the use of 
RAFT polymerization. 
Table 4.2 Molecular weight and polydispersity of RAFT homopolymers 
Polymers Mn (104 Dalton) Mw (104 Dalton) Polydispersity 
PMMAR 2.68 3.84 1.43 
PPMAR 2.76 3.29 1.19 
PLMAR 1.01 1.39 1.39 
POMAR 3.42 4.38 1.28 
PSMAR 2.67 3.20 1.20 
Note: PMMAR: RAFT poly(myristate methacrylate), PPMAR: RAFT poly(palmitate 
methacrylate), PLMAR: RAFT poly(linoleate methacrylate), POMAR: RAFT poly(oleate 
methacrylate), and PSMAR: RAFT poly(stearate methacrylate). 
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(a) Melting point and (b) freezing point of myristic acid (MA), myristate methacrylate 
(MMMA) and RAFT poly(myristate methacrylate): (PMMAR), (c) melting point and (d) 
freezing point of palmitic acid (PA), palmitate methacrylate (PMA) and RAFT 
poly(palmitate methacrylate): (PPMAR), (e) melting point and (f) freezing point of 
linoleic acid (LA), linoleate methacrylate (LMA) and RAFT poly(linoleate 
methacrylate): (PLMAR), (g) melting point and (h) freezing point of oleic acid (OA), 
oleate methacrylate (OMA) and RAFT poly(oleate methacrylate): (POMAR), (i) melting 
point and (j) freezing point of stearic acid (SA), stearate methacrylate (SMA) and RAFT 
poly(stearate methacrylate): (PSMAR). 
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Figure 4.10 DSC of RAFT polymers derived from fatty acid-based methacrylates 
    The RAFT polymers from saturated fatty acid methacrylates including 
poly(myristate methacrylate), poly(palmitate methacrylate) and poly(stearate 
methacrylate), showed obvious melting points demonstrating at 3.9, 25.8 and 41.7 °C 
respectively and freezing points illustrating at ‒5.3, 16.6, and 33.0 °C respectively. 
However, the melting and freezing point in the polymers from unsaturated fatty acid 
methacrylates including poly(linoleate methacrylate) and poly(oleate methacrylate) were 
not observed. This could be due to the presence of internal C=C flexible unit in the side 
chain of poly(linoleate methacrylate) and poly(oleate methacrylate), which prevented the 
crystallization of side chains 277. It was worthy note that the melting and freezing point of 
poly(palmitate methacrylate) was in the range of room temperature. This specific 
properties of poly(palmitate methacrylate) can provide a potential application in the 
production of smart fibers for clothing especially in respect to phase change and structural 
change textiles. 
    De and Maiti 277 reported a RAFT polymer (Mw: 1.86×104 Dalton, PDI: 1.16) derived 
from palmitic acid with a Tm of 33 °C. It was probably due to the molecular weight and 
molar ratio of M/R led to the difference of Tm.  
    To investigate the effect of molecular weight on Tm/TF, a series of PPMAR with 
different molecular weight were synthesized in different polymerization time and 
234 
 
characterized by GPC. The Tm and TF were measured by DSC. As shown in Figure 4.11, 
when the Mw of PPMAR fluctuated between 2.15×104 and 3.24×104, the difference value 
of Tm/TF was less than 1°C, demonstrating that the molecular weight had a marginal 
influence on Tm/TF. 
 
(a) Melting point and (b) freezing point of RAFT poly(palmitate methacrylate) with 
different molecular weight, (c) The Tm/TF-MW plots 
Figure 4.11 The effect of molecular weight on Tm/TF of RAFT poly(palmitate 
methacrylate) 
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4.4.3.5 Thermal Response of Homopolymers in Different Thermal Rates 
        Based on the DSC results as shown in Figure 4.6 and Figure 4.10, the RAFT 
polymers derived from saturated fatty acids had an obvious melting and freezing point. 
These properties have a promising application in phase change materials. Phase change 
materials can absorb energy during the heating and then the energy can be transferred to 
the environment during a reverse cooling process via a change in their state 357. In order 
to test the thermal resistance of RAFT polymers from saturated fatty acids, a series of 
different heating and cooling rates from 1 °C/min to 20 °C/min were conducted on the 






DSC curves of (a) RAFT poly(myristate methacrylate), (b) RAFT poly(palmitate 
methacrylate) and (c) RAFT poly(stearate methacrylate) at different heating/cooling rates. 
Figure 4.12 DSC curves of PMMAR, PPMAR and PSMAR 
        As shown in Figure 4.12, the melting point shifted towards a lower temperature when 
the heating rate increased. During the heating process, these three RAFT polymers 
absorbed large quantities of latent heat from the surrounding area. When the heating rate 
increased, the size of peak area increased. It demonstrated that the absorbed energy 
increased with increasing heating rate. Similarly, the crystallization temperature of RAFT 
polymers shifted to a lower temperature with increasing cooling rates. During the cooling 
process, the absorbed energy from heating process released to the environment. The DSC 
curves showed sharp regions when the heating or cooling rate was low (e.g. 1 °C/min). 
When the heating/cooling rate increased, the DSC curves became broader. To reach the 
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melting temperature required a long time when the heating rate was low. The long time 
provided enough time for the adjustment of polymeric chain, which was believed to be 
the main mechanism of energy storage. When the heating rate was fast, the polymeric 
chain did not have enough time for the structural adjustment, and the disentanglement of 
the polymeric chain in a short time required more energy resulting in a broadening of the 
peaks. Therefore, more energy was absorbed from the environment and then stored in the 
RAFT polymers. On the contrary, when the cooling rate was fast, the crystalline segments 
were quickly fixed. The absorbed energy from the heating process was emitted to the 
environment 357. 
4.4.3.6 TGA of Homopolymers from Fatty Acid-based Methacrylates 
        Thermal properties of polymers are very important for the use of polymers. The 
thermal degradation process of polymers derived from fatty acid-based methacrylates 
under nitrogen atmosphere was studied by the use of TGA. 
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Temperature (0C)  
The overlay curves of (a) TG and (b) DTG of myristic acid (MA), myristate 
methacrylate (MMMA) and RAFT poly(myristate methacrylate): (PMMAR), (c) TG and 
(d) DTG of palmitic acid (PA), palmitate methacrylate (PMA) and RAFT poly(palmitate 
methacrylate): (PPMAR), (e) TG and  (f) DTG of linoleic acid (LA), linoleate 
methacrylate (MLMA) and RAFT poly(linoleate methacrylate): (PLMAR), (g) TG and 
(h) DTG of oleic acid (OA), oleate methacrylate (OMA) and RAFT poly(oleate 
methacrylate): (POMAR), (i) TG and (j) DTG of stearic acid (SA), stearate methacrylate 
(SMA) and RAFT poly(stearate methacrylate): (PSMAR). 
Figure 4.13 TGA results of RAFT polymers from fatty acid-based methacrylates 
        As shown in Figure 4.13, the thermal degradation behavior changed from fatty acid 
to the final RAFT polymers from fatty acid methacrylates. TG results confirmed that the 
thermal stability of RAFT polymers derived from fatty acid-based methacrylates up to 
150 °C. The first degradation stage ranging from 150 °C to 200 °C were attributed to the 
decomposition of RAFT agent moieties in polymer chain ends as the disulfide bonds in 
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RAFT agent moieties had lower thermal decomposition temperature compared to other 
chemical bonds 358. For the unsaturated fatty acid-based polymers including RAFT 
poly(linoleate methacrylate) and RAFT poly(oleate methacrylate), this decomposition 
stage may also be associated with the oxidization and polymerization of the internal C=C 
from fatty acid moieties in the polymer side-chain. The main decomposition of all 
polymers were completed below 500 °C. In the region of 200 °C to 500 °C, the thermal 
degradation mainly came from the fatty acid moieties in the polymer side-chain and the 
residual chain. The temperature at the highest degradation speed (Td) displayed 
differently. The Td of poly(linoleate methacrylate) was the highest followed by poly(oleate 
methacrylate), poly(palmitate methacrylate), poly(stearate methacrylate) and 
poly(myristate methacrylate). It is reasonable to assume that the unsaturated C=C from 
fatty acid moieties were polymerized or cross-linked in the early thermal degradation 
stage. The polymerized or cross-linked structures improved the thermal resistance. 
4.4.4 Comparison of RAFT Polymers from Commercial Fatty Acids 
4.4.4.1 Solubility Properties 
        Solubility of polymers is one of the most important properties which can guide 
solvent selection in wet spinning of polymers and the preparation of paint and coatings. 
Solubility of polymers also may be used to predict chemical resistance, hydrophobicity 
242 
 
and hydrophilicity 359. The solubility of the synthesized RAFT polymers in some common 
solvents was tested. 
Table 4.3 The solubility of RAFT homopolymers from fatty acids 
Solvent P1 P2 P3 P4 P5 P1’ P2’ P3’* P4’ P5’ 
Acetone I I I I I I I I/I I I 
CCl4 S S I P S S S S/I S S 
DCM S S I I S S S S/I S S 
DMSO I I P I I I I P/I P I 
DMAc I I I I I I I I/I I I 
DMF I I I I I I I I/I I I 
THF P P I I P P P S/I S P 
NMP P P I I P P P P/I P P 
HFIP P P I I P P P I/I I P 
Toluene P P P P P P P S/I S P 
Methanol I I I I I I I I/I I I 
Water I I I I I I I I/I I I 
Note: I: insoluble; P: Partly Soluble; S: Soluble, *: Stored in fridge (5 °C) for 5 months. 
P1: RAFT poly(myristate acrylate), P2: RAFT poly(palmitate acrylate), P3: RAFT 
poly(linoleate acrylate), P4: RAFT poly(oleate acrylate) and P5: RAFT poly(stearate 
acrylate), P1’: RAFT poly(myristate methacrylate), P2’: RAFT poly(palmitate 
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methacrylate), P3’: RAFT poly(linoleate methacrylate), P4’: RAFT poly(oleate 
methacrylate) and P5’: RAFT poly(stearate methacrylate). 
     From Table 4.3, the synthesized polymers were not soluble in most of common 
solvents, in particular the RAFT polymers from unsaturated fatty acids. For instance, the 
poly(linoleate acrylate) hardly dissolved in most of the solvents listed in the Table 4.3 
with only partial solubility observed in toluene and DMSO. It indicated that the polymers 
had very good solvent resistant properties. 
    Compared to the RAFT polymers from fatty acid-based acrylates and methacrylates, 
the different functional led to a different solubility of RAFT polymers from unsaturated 
fatty acid (linoleic and oleic acid). For instance, PLMAR displayed a slightly different 
solubility behavior being soluble in DCM, THF, toluene and chloroform compared to the 
PLAR. The solubility results demonstrated that introduced functional groups can change 
the solubility of final polymers. It is interesting that the solubility behaviors of PLMAR 
significantly changed after PLMAR was left for 5 months in the fridge (5 °C). This was 
because of the self-crosslinking of internal C=C from linoleic moieties in the presence of 
air and UV light 34. The self-crosslinking reaction of PLMAR evidenced by the decrease 
intensity of internal C=C in FT-IR spectra (Figure 4.14) also led to the changes of physical 
description from a sticky liquid to a solid 341. 
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Figure 4.14 FT-IR spectra of PLMAR and PLMAR-C (Partly crosslinked) 
        The process of polymer dissolution involved solvation-unfolding-swelling of the 
polymeric chain in a solvent 360. The factors including chemical structure (linear, branched 
and crosslinked polymers) 361, physical property (crystalline or non-crystalline) 361 and 
processing conditions (heating) 362 can influence the solubility of polymers. The 
synthesized RAFT homopolymers derived from linoleic acid presented excellent solvent 
resistance mainly due to the long branched polymeric chain. When the linoleic acid was 
converted into RAFT polymers, branched structures of polymers with long hydrophobic 
side-chains were formed. The long side-chain entangled together and produced a very 
strong inter-chain interaction (Figure 4.15), which decreased the solubility of the PLAR 
361. When PLMAR was exposed to air, the internal C=C was oxidized and then produced 
free radicals which initiated the crosslinking reaction 34. Crosslinked structures of PLMAR 
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significantly increased its solvent resistance. The crystallinity of RAFT polymers from 
saturated fatty acids also contributed the increase of solvent resistance 361. The excellent 
solvent resistance of these polymers showed the potential applications in making organic 
solvent-resistant textiles.R1 
 
(a) Polymers from unsaturated fatty acids, and (b) polymers from saturated fatty acids 
Figure 4.15 Proposed solubility mechanism 
4.4.4.2 Thermal Properties 
    The length of the fatty acid chain, the degree of unsaturation of fatty acid and the 
functional groups, can influence the thermal properties of the final polymers. The overlay 
DSC and TGA results of these five types of RAFT polymers derived from commercial 
fatty acids are shown in Figure 4.16 and Figure 4.17. The temperatures of Tm, TF and Td 




(a) Melting point and (b) freezing point of RAFT homopolymers from fatty acid-based 
acrylates, (c) melting point and (d)freezing point of RAFT homopolymers from fatty 
acid-based methacrylates.  
Figure 4.16 DSC of RAFT polymers derived from commercial fatty acids 
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(a) TG and (b) DTG curves of RAFT polymers from fatty acid-based acrylates, (c) TG 
and (d) DTG curves of RAFT polymers from fatty acid-based methacrylates. 
Note: PMAR: RAFT poly(myristate acrylate), PPAR: RAFT poly(palmitate acrylate), 
PLAR: RAFT poly(linoleate acrylate), POAR: RAFT poly(oleate acrylate), PSAR: RAFT 
poly(stearate acrylate), PMMAR: RAFT poly(myristate methacrylate), PPMAR: RAFT 
poly(palmitate methacrylate), PLMAR: RAFT poly(linoleate methacrylate), POMAR: 
RAFT poly(oleate methacrylate), and PSMAR: RAFT poly(stearate methacrylate). 
Figure 4.17 TGA of RAFT homopolymers derived from fatty acid-based methacrylates 
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Table 4.4 The summary of thermal properties from fatty acids to the final polymers 






PMAR 41.1 27.5 372/503 
PPAR 51.0 30.7 400/500 
PLAR -- -- 150/431 
POAR -- -- 229/312 
PSAR 59.7 49.5 230/310/397 
PMMAR 3.9 ‒5.3 285 
PPMAR 25.8 16.6 247/373 
PLMAR -- -- 244/429 
POMAR -- -- 394 
PSMAR 41.7 33.0 294 
        As shown in Figure 4.16, both melting and freezing point of RAFT polymers derived 
from saturated fatty acids increased when the length of the fatty acid chain increased. It 
was reasonable to assume that the increasing fatty acid chain length on the basis of 
symmetry and regularity even in the absence of strong intermolecular force were due to 
the increased fatty acid side chain crystallization 277. The RAFT polymers from 
unsaturated fatty acids still did not show an obvious melting and freezing point. This may 
be because of the flexible unit of unsaturated fatty acid causing the decrease of 
crystallization ability. The terminal methyl group in the structure of ethylene decreased 
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the melting and freezing point of final polymers. This was due to the terminal methyl 
group in the ethylene chain changed the electronic distribution and molecular 
conformation, which led to the changes in crystallization. Although the molecular weight 
of RAFT polymers from saturated fatty acids were different as shown in Table 4.1 and 
Table 4.2, the increase of melting points mainly relied on the increasing fatty acid chain. 
It implied that the length of the fatty acid chain was the main contributor on the melting 
and freezing point compared to the molecular weight.  
        Figure 4.17 represents the thermal decomposition properties of RAFT polymers from 
fatty acids. The increasing degree of unsaturation of fatty acid decreased the starting 
decomposition temperature, but increased the temperature of Td. An increasing degree of 
unsaturation of fatty acids presented more complicated degradation processes as the 
unsaturated C=C still remained in the polymeric chain and led to the multistage thermal 
decomposition. Moreover, the starting thermal decomposition temperature shifted to a 
lower temperature, when the polymers contained the unsaturated C=C in the polymeric 
chain. 
4.5 Kinetics of RAFT Polymerization 
4.5.1 The Molar Ratio of Monomer to Chain Transfer Agent 
        The molar ratio of monomer (M) to RAFT agent (R) is a significant factor for RAFT 
polymerization. The polymerization kinetics of linoleate methacrylate from pure 
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commercial fatty acid were studied at different molar ratios of M/R ranging from 25:1 to 
200:1, while the molar ratio of R/AIBN was kept constant at 5:1. 
 
(a) GPC curves, (b) Molecular weight and (c) polydispersity. 
Figure 4.18 GPC, dependence of Mn, Mw and PDI of RAFT poly(linoleate 
methacrylate) obtained at different (M)/(CTA) ratios in THF at 70 °C 
        Unimodal GPC refractive index traces without shoulder and tailing were observed 
(Figure 4.18a). It implied that there were not bimolecular terminations during the RAFT 
polymerization as the bimolecular terminations can lead to broad/multiple peaks 363. As 
shown in Figure 4.18 (b), the number-average molecular weight of RAFT poly(linoleate 
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methacrylate) linearly increased with the increasing molar ratio of M/R. Narrow 
polydispersity of RAFT poly(linoleate methacrylate) was achieved at the range of 1.10 to 
1.18 (Figure 4.18c). The linear increase of number-average molecular weight with narrow 
polydispersity (1.10‒1.18) indicated that it may be feasible to control the molecular weight 
of RAFT poly(linoleate methacrylate) with the alteration of the molar ratio of M/R. 
4.5.2 Polymerization Time  
    RAFT polymerization are often perceived to exhibit very long reaction times, 24 h 
or longer 348. The polymerization kinetics of methacrylated monomers including palmitate 
methacrylate, oleate methacrylate and linoleate methacrylate from pure commercial fatty 
acids were studied at different polymerization time when the molar ratio of M/R/AIBN 
was kept at 100:1:1. All the kinetics of homopolymerization reactions were studied by 
analysing samples that were withdrawn from the polymerization mixtures at different time 
intervals. The conversion rate was obtained following the method in Chapter 4 section 
4.3.3.1. The molecular weight and polydispersity were measured by GPC as mentioned in 






 (a) GPC curves of RAFT poly(palmitate methacrylate), (b) molecular weight of RAFT 
poly(palmitate methacrylate), (c) polydispersity of RAFT poly(palmitate methacrylate), 
(d) time-conversion curves of RAFT poly(palmitate methacrylate) (e) molecular weight 
vs. conversion plots of RAFT poly(palmitate methacrylate), and (f) ln(M0/M)-time plots 
of RAFT poly(palmitate methacrylate) 
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Figure 4.19 GPC, dependence of Mn, Mw and PDI of RAFT poly(palmitate 
methacrylate) obtained at different polymerization time in THF at 70 °C 
    As shown in Figure 4.19 (a), each GPC curve only showed one single peak without 
tailing. It implied that there were not bimolecular terminations during the RAFT 
polymerization as the bimolecular terminations can lead to broad/multiple peaks 363. 
Molecular weight of PPMAR linearly increased with increasing polymerization time. After 
6 h, the increase of number-average molecular weight was slight. Relatively narrow 
polydispersity ranging from 1.13 to 1.31 was also observed demonstrating that the control 
was over the polymerization of PMA. When the polymerization time was 6 h, the 
conversion rate had reached around 90%. After 6 h, the increase of polymerization time 
did not significantly contribute to conversion rate. The ln(M0/M)-time plots kept a linear 
relationship with increasing polymerization time, demonstrating the RAFT 
polymerization showed the first-order kinetics and a constant concentration of active 
species 355, 364-366. 






 (a) GPC curves of RAFT poly(linoleate methacrylate), (b) Molecular weight of RAFT 
poly(linoleate methacrylate), (c) Polydispersity of RAFT poly(linoleate methacrylate), 
(d) Time-conversion curves of RAFT poly(linoleate methacrylate), (e) Molecular weight 
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vs. conversion plots of RAFT poly(linoleate methacrylate), and (f) ln(M0/M)-time plots 
of RAFT poly(linoleate methacrylate) 
Figure 4.20 GPC, dependence of Mn, Mw and PDI of RAFT poly(linoleate 
methacrylate) obtained at different polymerization time in THF at 70 °C 
        As shown in Figure 4.20, each GPC curve only showed one single peak without 
tailing. Molecular weight of PLMAR increased with increasing polymerization time. After 
4 h, the increase of number-average molecular weight was slight. Relatively narrow 
polydispersity ranging from 1.33 to 1.52 was observed in Figure 4.20 (c). When the 
polymerization time was 8 h, the conversion rate had reached around 90%. After 8 h, the 
increase of polymerization time did not significantly contribute to conversion rate. The 
ln(M0/M)-time plots kept a linear relationship with increasing polymerization time, 
demonstrating the RAFT polymerization showed first-order kinetics and a constant 






(a) GPC curves of RAFT poly(oleate methacrylate), (b) Molecular weight of RAFT 
poly(oleate methacrylate), (c) Polydispersity of RAFT poly(oleate methacrylate), (d) 
Time-conversion curves of RAFT poly(oleate methacrylate), (e) Molecular weight vs. 
conversion plots of RAFT poly(oleate methacrylate), and (f) ln(M0/M)-time plots of 
RAFT poly(oleate methacrylate) 
Figure 4.21 GPC, dependence of Mn, Mw and PDI of poly(oleate methacrylate) obtained 
at different polymerization time in THF at 70 °C 
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        The molecular weight of RAFT poly(oleate methacrylate) increased linearly (Figure 
4.21b) with a narrow polydispersity below 1.3 (Figure 4.21c). As shown in Figure 4.21 
(e), the molecular weight increased linearly with the increasing conversion. 
4.6 RAFT and Free Radical Polymerization 
4.6.1 Molecular Weight and Polydispersity 
        As mentioned in Chapter 4 section 4.6, the RAFT polymers presented a narrow 
polydispersity. In this section, the molecular weight and polydispersity of poly(palmitate 
acrylate) made by using conventional free radical polymerization (FRP) and RAFT 
polymerization were compared. The conventional free radical polymerization was done 
in the absence of RAFT agent at 70 °C for 24 h. The GPC results of poly(palmitate 
acrylate) are presented in Figure 4.22 and Table 4.5. 
 
FRP: free radical polymerization, RAFT: RAFT polymerization 
Figure 4.22 GPC curves of poly(palmitate acrylate using FRP and RAFT 
Table 4.5 Molecular weight and PDI of poly(palmitate acrylate) using FRP and RAFT 
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Polymer Mn (104) Mw (104) PDI 
PPAF 2.82 6.39 2.26 
PPAR 1.12 1.84 1.64 
Note: PPAF: poly(palmitate acrylate) synthesized via free radical polymerization and 
PPAR: poly(palmitate acrylate) synthesized via RAFT polymerization. 
        Compared to the data of molecular weight and polydispersity of PPAF and PPAR, the 
PPAF had a larger molecular weight with a broader polydispersity than that of PPAR. The 
absence of RAFT agent yielded broader polydispersity which confirmed that the RAFT 
agent was responsible for mediating polymerization 367. In RAFT polymerization, the 
RAFT agent created a reversible addition/fragmentation equilibrium, which achieved the 
controlled polymerization reaction 368. The revisable addition/fragmentation active site 
prevented the bimolecular terminations during the RAFT polymerization. 
4.7 RAFT Polymers from Cottonseed Oil 
4.7.1 Synthesis of Linoleic Acid-based Polymers from Cottonseed Oil 
        The linoleic acid-based RAFT polymers with varying purity of linoleic moieties from 
cottonseed oil were synthesized by using the same method as described in Chapter 4 
section 4.3.2.  
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4.7.2 Thermal Properties of RAFT Polymers from Cottonseed Oil 
        The melting and freezing point of RAFT polymers derived from cottonseed oil are 
shown in Figure 4.23. The thermal decomposition of RAFT polymers derived from 
cottonseed oil are shown in Figure 4.24. 
 
 (a) Melting point and (b) freezing point of RAFT poly(acrylates) with varying purity of 
linoleic moieties from cottonseed oil, (c) melting point and (d) freezing point of RAFT 
poly(methacrylates) with varying purity of linoleic moieties from cottonseed oil. 




(a) Melting point and (b) freezing point of poly(linoleate methacrylate) with varying 
purity from cottonseed oil, (c) TG and (d) DTG curves of RAFT polymers with different 
purity derived from cottonseed oil. 
Note: PLA0R (50.7%): RAFT poly(linoleate acrylate) with the purity of linoleic moieties 
of 50.7% (weight percentage), PLA1R to PLA3R: RAFT poly(linoleate acrylate) with 
different purity of linoleic moieties from 71.1% to 95.3%, PLA4R: pure RAFT 
poly(linoleate acrylate), PLMA0R (50.7%): RAFT poly(linoleate methacrylate) with the 
purity of linoleic moieties of 50.7% (weight percentage), PLMA2R to PLMA3R: RAFT 
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poly(linoleate methacrylate) with different purity of linoleic moieties, ad PLMA4R: pure 
RAFT poly(linoleate methacrylate). 
Figure 4.24 TG and DTG curves of RAFT polymers from cottonseed oil 
    As shown in Figure 4.23, the final RAFT polymers with varying proportion of 
linoleic moieties from cottonseed oil did not obviously display the melting and freezing 
point. With the increase of the purity of linoleic acid in the purified fatty acids from 
cottonseed oil, the melting and freezing point of RAFT polymers from cottonseed oil 
displayed similar trends. Only weak peaks were observed when the proportions of linoleic 
moieties was 50.7%, which belonged to the melting and freezing point of the small amount 
of saturated fatty acid moieties. When the purity of linoleic was more than 71.7%, the 
unsaturated fatty acid moieties: linoleic and oleic dominated the main proportion of the 
polymer chain, and led to inconspicuous melting and freezing behavior. The DSC results 
shown in Figure 4.23 demonstrated that, the purity of linoleic in purified oils from 
cottonseed oil had a slight influence on the melting and freezing point of their final RAFT 
polymers. Although the functional groups were different (acrylate and methacrylate 
moieties), the synthesized RAFT polymers from cottonseed oil had no obvious difference 
on the melting and freezing point.  
        Figure 4.24 shows the thermal decomposition of RAFT polymers from cottonseed 
oil with vary purity of linoleic moieties. Increasing the purity of linoleic moieties, the 
262 
 
starting decomposition temperature of the final RAFT polymers decreased as shown in 
Figure 4.24 (b). This was because increasing proportion of linoleic acid in the purified 
fatty acid from cottonseed oil increased the proportion of unsaturated C=C in the final 
polymeric chain. The low thermal stability from the oxidization of unsaturated C=C was 
responsible for the decrease of the starting decomposition temperature. As shown in 
Figure 4.24 (d), when the purity of linoleic acid in the purified oils was increased, the 
temperature (Td) of their RAFT poly(methacrylate) from cottonseed oil at maximum 
decomposition rate in the main decomposition stage (300−500°C) increased. This was 
because increasing the purity of linoleic acid increased the proportion of unsaturated C=C 
in the final polymers. The increased proportion of C=C may further polymerize or cross-
link during the early stage of the thermal decomposition process which led to the increase 
of the temperature at the maximum decomposition rate. 
4.7.3 Rheological Properties of RAFT Polymers from Cottonseed Oil 
        The rheological properties of RAFT polymers with varying purity of linoleic 
moieties from cottonseed oil are shown in Figure 4.25. 
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 (a) Storage modulus, (b) loss modulus vs. temperature plots, (c) viscosity vs. 
temperature plots, and (d) viscosity vs. shear rate. Note: PLMA0R (50.7%): RAFT 
poly(linoleate methacrylate) with the proportion of linoleic moieties of 50.7% (weight 
percentage), PLMA2R to PLMA3R: RAFT poly(linoleate methacrylate) with different 
proportion of linoleic moieties, PLMA4R: pure RAFT poly(linoleate methacrylate). 
Figure 4.25 Rheological properties of RAFT polymers from cottonseed oil 
        As shown in Figure 4.25, with the decrease of the temperature, the viscosity, storage 
and loss modulus of RAFT polymers with varying purity increased. The viscosity 
decreased with the increasing shear rate as shown in Figure 4.25 (d). The increasing purity 
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of linoleic moieties in RAFT polymers from cottonseed oil did not show a clear effect on 
the rheological properties of RAFT polymers. 
4.8 RAFT Polymers with Varying Purity from Commercial Fatty Acids 
4.8.1 Synthesis of RAFT Copolymers from Commercial Fatty Acids  
    As discussed in Chapter 4 section 4.7, the purity of linoleic moieties from cottonseed 
oil had a slight effect on the melting and freezing point in their final RAFT polymers. To 
confirm these results, the pure commercial fatty acids were used in the preparation of 
RAFT polymers with different purity of linoleic moieties. 
    As mentioned in Chapter 2, the linoleic acid and oleic acid dominated the main 
proportion in purified fatty acids from cottonseed oil, but it still had small amounts of 
other fatty acids in the purified fatty acids. Therefore, it may become more complicated 
in the investigation of the relationship between the properties of final polymers and the 
purity of purified oil. The small amounts of these fatty acids as the contaminants in the 
purified fatty acids increased the variables. To eliminate the effect from the fatty acid 
contaminants, a series of fatty acid mixtures with different proportion of linoleic acid 
samples were prepared by mixing the pure commercial linoleic acid with palmitic acid or 
oleic acid as described in Chapter 3 Section 3.7. The fatty acid mixtures were converted 
into reactive monomers (fatty acid-based methacrylates) and subsequently polymerized to 
the final RAFT polymers. The proportions are shown in Table 4.6. The RAFT 
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polymerization was done with the molar ratio of M/R/AIBN of 200:1:1 with a 
polymerization time of 24 h. 
Table 4.6 The formula of fatty acid mixture with varying purity 
Name Compositions (w.t. %) Conversion 
(%) LA OA PA 
P100 100 0 0 70.2 
PLO (49.8%) 49.8 50.2 0 90.3 
PLO (59.8%) 59.8 40.2 0 87.8 
PLO (74.9%) 74.9 25.1 0 84.4 
PLO (84.8%) 84.8 15.2 0 76.2 
PLP (52.2%) 52.2 0 47.8 94.6 
PLP (62.1%) 62.1 0 37.9 90.2 
PLP (77.0%) 77.0 0 23.0 86.4 
PLP (85.9%) 85.9 0 14.1 73.6 
PM 50.7 25.9 23.4 84.1 
Note: PLO (49.8%): RAFT poly(linoleate methacrylate-co-oleate methacrylate) with the 
proportion of linoleic moieties of 49.8% (weight percentage), PLP (52.2%): RAFT 
poly(linoleate methacrylate-co-palmitate methacrylate) with the proportion of linoleic 
moieties of 52.2%, P100: poly(linoleate methacrylate), PM: poly(linoleate methacrylate-
co-oleate methacrylate-co-palmitate methacrylate) with the proportion of linoleic 
moieties of 50.7%. 
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        As shown in Table 4.6, increasing the concentration of linoleic moieties in 
copolymers of PLO with the linoleic moieties proportion from 49.8% to 84.8%, and PLP 
with the linoleic moieties proportion from 52.2% to 85.9% decreased the conversion of 
monomers. As discussed in polymerization kinetics in Chapter 4 Section 4.5, the 
conversion of linoleate methacrylate was lowest compared to the other two reactive 
monomers (palmitate methacrylate and oleate methacrylate) in the corresponding 
polymerization. Because the RAFT agent has a selectivity for the monomer 369, the RAFT 
agent (CDP) had a lower efficiency on the linoleate methacrylate compared to the other 
fatty acid-based methacrylates. Therefore, the increased concentration of linoleic moieties 
led to the decrease of conversion of comonomers. The different types of fatty acid moieties 
in RAFT polymers also may result in the difference on the conversion of comonomers. 
4.8.2 Effect of Purity on Thermal Properties of Final Copolymers 
        As discussed in Chapter 4 section 4.7, the purity of linoleic acid in purified oil did 
not have a very clear effect on the melting and freezing point of their final RAFT 
polymers. To confirm this statement, the different purity levels of linoleic acid were 
prepared mixing with oleic or palmitic acid and then were converted into their reactive 
monomers and final RAFT copolymers. The melting point and freezing point of RAFT 
copolymers derived from commercial fatty acid mixtures are shown in Figure 4.26. The 
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thermal decomposition of RAFT copolymers with different purity from commercial fatty 
acids are shown in Figure 4.27.  
 
(a) Melting point and (b) freezig point of poly(linoleate methacrylate-co-oleate 
methacrylate), (c) melting point and (d) freezing point of poly(linoleate methacrylate-co-
palmitate methacrylate).  




 (a) TG and (b) DTG curves of RAFT poly(linoleate methacrylate-co-palmitate 
methacrylate), (c) TG and (d) DTG curves of RAFT poly(linoleate methacrylate-co-
oleate methacrylate). 
Note: e.g.: PLO (49.8%): RAFT poly(linoleate methacrylate-co-oleate methacrylate) 
with the proportion of linoleic moieties of 49.8% (weight percentage), PLP (52.2%): 
RAFT poly(linoleate methacrylate-co-palmitate methacrylate) with the proportion of 
linoleic moieties of 52.2%. 
Figure 4.27 TG of RAFT polymers with different purity from commercial fatty acids 
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    As shown in Figure 4.26, when the purity of linoleic moieties changed, the RAFT 
copolymers of poly(linoleate methacrylate-co-oleate methacrylate) did not show obvious 
melting and freezing points, while the RAFT copolymers of poly(linoleate methacrylate-
co-palmitate methacrylate) displayed obvious meting and freezing point. The purity of 
linoleic moieties in RAFT copolymers of PLO had a slight influence on the melting and 
freezing point, but the Tm/TF of RAFT copolymers of PLP shifted to a lower temperature 
with the increase of purity of linoleic moieties. When the proportion of palmitic moieties 
in RAFT copolymers of PLP was lower (e.g. 14.1%), the intensity peaks of melting and 
freezing point were weaker. Figure 4.26 demonstrated that the melting and freezing 
behavior mainly depended on the proportion of saturated fatty acid moieties in RAFT 
copolymers. The melting and freezing point of final polymers can be tailored by adjusting 
the proportion of saturated fatty acid in the fatty acids. 
        Figure 4.27 shows the thermal decomposition of copolymers of PLO and PLP with 
varying purity of linoleic moieties. The temperatures (Td) at the maximum decomposition 
rate in the region of 300‒500 °C increased when the purity of linoleic moieties in RAFT 
poly(linoleate methacrylate-co-oleate methacrylate) and poly(linoleate methacrylate-co-
palmitate methacrylate) increased as shown in Figure 4.27. It was consistent with the 
results as shown in Chapter 4 Section 4.7. 
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4.8.3 Effect of Purity on Rheological Properties 
        The rheological properties of copolymers of poly(linoleate methacrylate-co-oleate 




Rheological properties of poly(linoleate methacrylate-co-oleate methacrylate): (PLO) 
with different linoleic purity (a) storage modulus, (b) loss modulus and (c) viscosity vs. 
temperature; rheological properties of poly(linoleate methacrylate-co-palmitate 
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methacrylate): PLP with different linoleic purity (d) storage modulus, (e) loss modulus 
and (f) viscosity vs. temperature. 
Figure 4.28 Rheological properties of PLO and PLP with different linoleic proportion 
        The storage, loss modulus and viscosity of RAFT poly(linoleate methacrylate-co-
oleate methacrylate): (PLO) decreased with an increase of temperature (Figure 4.28). In 
the range of 40‒60 °C, the storage modulus of PLO increased when the concentration of 
linoleic moieties increased. As shown in Figure 4.28 (d)‒(f), the storage, loss modulus 
and viscosity of RAFT poly(linoleate methacrylate-co-palmitate methacrylate): PLP 
decreased with an increase of temperature. The concentration of linoleic moieties in the 
copolymers of PLP did not have a very clear effect on the rheological properties of PLP.  
4.9 Copolymers from Fatty Acids via Free Radical Polymerization 
4.9.1 Effect of Purity on Properties of Polymers from Fatty Acids 
    The polymerization method may influence the properties of final polymers. As 
mentioned in Chapter 4 section 4.6, compared with conventional free radical 
polymerization, RAFT polymerization can provide a living polymer with controllable 
molecular weight and narrow polydispersity. As discussed in Chapter 4 section 4.8, the 
purity of linoleic moieties in the poly(linoleate methacrylate-co-oleate methacrylate) had 
no prominent influence on the melting and freezing point, while these properties in the 
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poly(linoleate methacrylate-co-oleate methacrylate) were evidently influenced by the 
proportion of palmitic moieties. 
    In this section, the conventional free radical polymerization method was used in the 
investigation on the effect of the purity of linoleic moieties on the thermal properties of 
their final polymers. Four different purity levels of linoleic mixing with oleic acid from 
commercial fatty acids were prepared and then converted into their methacrylated 
monomers. In the fatty acid mixture, the purity of linoleic acid accounted for 50%, 65%, 
75% and 85% respectively. The reactive monomer mixtures were polymerized by free 
radical polymerization reaction, and AIBN was used as the initiator (0.01 equivalent 
relative to monomer in weight percent). The mixture of linoleic and palmitic acid was 
conducted by the same process with the concentration of linoleic acid of 50%, 75% and 
85% respectively. The thermal properties of synthesized polymers via free radical 
polymerization were determined by DSC ad TGA, and the results are shown in Figure 




(a) Melting point and (b) freezing point of poly(linoleate methacrylate-co-oleate 
methacrylate), (c) melting point and (d) freezing point of poly(linoleate methacrylate-co-
palmitate methacrylate). 
Figure 4.29 DSC of copolymer of P(L-co-O) and P(L-co-P) using free radical 
polymerization 
    The copolymers of linoleate methacrylate and oleate methacrylate using free radical 
polymerization did not display an obvious melting and freezing points (Figure 4.29), while 
the copolymers of linoleate methacrylate and palmitate methacrylate displayed an obvious 
melting and freezing point. The melting and freezing point of poly(linoleate methacrylate-
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co-palmitate methacrylate): P(L-co-P) shifted to a higher temperature when the proportion 
of palmitic moieties increased in the copolymers (Figure 4.29). The trend was similar with 
the results as shown in Figure 4.26. 
    The DSC results from conventional free radical and RAFT polymerization method 
showed similar results. This implied that the types and proportion of saturated fatty acids 
had been the dominant factors for the melting and freezing point of their final polymers. 





 (a) TG and (b) DTG curves of copolymer of P(L-co-O) using free radical 
polymerization, (c) TG and (d) DTG curves of copolymer of P(L-co-P) using free 
radical polymerization. 
Note: e.g.: P(L50-co-O50): poly(linoleate methacrylate-co-oleate methacrylate) with the 
linoleic moieties proportion of 50% and oleic proportion of 50%, P(L50-co-P50): 
poly(linoleate methacrylate-co-palmitate methacrylate) with the linoleic moieties 
proportion of 50% and palmitic proportion of 50%. 
Figure 4.30 TG and DTG of copolymer of P(L-co-O) and P(L-co-P) using free radical 
polymerization 
        The temperature at highest decomposition rate was in the range of 300‒500 °C and 
shifted to a higher temperature when the purity of linoleic moieties increased. The 
tendency was similar with the results as mentioned in Figure 4.27. 
4.10 Morphology Analysis of RAFT Polymer Crystals 
        As shown in Figure 4.16, the RAFT polymers derived from saturated fatty acids 
displayed obvious crystallization behavior. The morphologies of saturated fatty acid-
based polymers were captured using polarized optical microscope during the heating and 
cooling processes of RAFT poly(myristate methacrylate), RAFT poly(palmitate 
methacrylate), RAFT poly(stearate methacrylate), and RAFT poly(palmitate acrylate). 
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The images are shown in Figure 4.31, Figure 4.32, Figure 4.33 and Figure 4.34 
respectively.  
        Since the thermal control stage did not cool down below 0 °C, the images of RAFT 
poly(myristate methacrylate) (Tm 3.9 °C and TF ‒5.3 °C) sample during the cooling 
process were not obtained. The RAFT poly(myristate methacrylate) sample was 
crystallized under the liquid nitrogen to form the polymer crystals and then was placed on 
the thermal control stage. The temperature was heated to 20 °C with a heating rate of 2 °C 
/min. The images of RAFT poly(myristate methacrylate) crystal are shown in Figure 4.31. 
 
Note:  Images from Figure 4.30 (a)‒(f) were obtained when the temperature increased. 
Figure 4.31 The polarized microscopic images of RAFT poly(myristate methacrylate) 
during the heating process 
        As shown in Figure 4.31, the RAFT poly(myristate methacrylate) crystal size 
decreased when the temperature increased. When the RAFT poly(myristate methacrylate) 
was solid, the transparency of RAFT poly(myristate methacrylate) was low, and the 
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crystals piled up to form a compact film. With the increase of the temperature, the crystals 
melted slowly, and their size decreased gradually. When the temperature was 20 °C, the 
crystals disappeared and the polymer was a uniform and transparent sticky liquid. 
 
Note: (a)‒(d), the temperature decreased, (e)‒(h): the temperature increased. 
Figure 4.32 The polarized microscopic images of RAFT poly(palmitate methacrylate) 
        The process of the formation of crystals and the melting of crystals are shown in 
Figure 4.32. When the temperature decreased, the transparency of RAFT poly(palmitate 
methacrylate) decreased and the RAFT poly(palmitate methacrylate) started to crystallize.  
When the temperature was below the crystallization temperature (20 °C), the polymer 
crystals were observed. In the heating process, the polymer crystals started to melt, and 
the transparency of RAFT poly(palmitate methacrylate) increased with the increase of the 
temperature. When the temperature was above 35 °C, the crystals melted completely. 
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Note: (a)‒(d), the temperature increased, (e)‒(f): the temperature decreased. 
Figure 4.33 The polarized microscopic images of RAFT poly(stearate methacrylate) 
        As shown in Figure 4.33, the polarized microscopic images of RAFT poly(stearate 
methacrylate) clearly displayed the formation and deformation of RAFT poly(stearate 
methacrylate) crystals responding to the temperature. Compared to the images as shown 
in Figure 4.31 and Figure 4.32, the temperature of the formation and deformation of RAFT 
poly(stearate methacrylate) were higher than that of RAFT poly(palmitate methacrylate) 
since the RAFT poly(stearate methacrylate) had a higher melting and crystallization 




Note: (a)‒(f), the temperature decreased, (g)‒(h): the temperature increased. 
Figure 4.34 The polarized microscopic images of RAFT poly(palmitate acrylate) 
        As shown in Figure 4.34, with the decreasing temperature, the molten RAFT 
poly(palmitate acrylate) started to freeze. When the temperature was close to freezing 
point of RAFT poly(palmitate acrylate), the crystals started to form. The transparency of 
RAFT poly(palmitate acrylate) sample decreased until the solid phase film appeared. 
When the temperature was close to melting point (Tm: 41.7 °C), the crystals started to melt 
until the liquid phase appeared (55 °C). 
4.11 Crystallization Kinetics of RAFT Polymers 
4.11.1 Theoretical Background 
        The crystallization of crystalline polymer generally involves random nucleation and 
growth processes. The theories of crystallization kinetics of polymers initially have 
developed based on the crystallization kinetics of low molecular weight substances. The 
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most two prominent theories including Avrami equation and Laurizen-Hoffman growth 
theory are used in modeling polymer crystallization kinetics 370-371. 
        The Avrami equation can be expressed in its simplest form: 
( ) ( )AnttktX −=− exp1                                                                              4.4 
where X(t) is the relative crystallinity at time t, and nA is the Avrami index and kt is the 
overall crystallization rate constant. 
        The equation of 4.4 can be converted to the logarithm form as shown in equation 4.5. 
( )[ ] ( )tnKX AAt ln1lnln +=−−                                                               4.5 
where KA=lnkt. 
4.11.2 Results and Discussion 
    The crystallization kinetics of RAFT polymers derived from saturated fatty acids 
including myristic acid, palmitic acid and stearic acid were studied by differential 
scanning calorimetry at different cooling rates from 1 °C/min to 20 °C/min. 
    From Figure 4.12, it demonstrated that the shapes of crystallization peaks at different 
cooling rates were very similar. When the cooling rate increased, the crystallization 
temperature shifted toward a lower temperature and the crystalline enthalpy increased as 
summarized in Table 4.7. 
Table 4.7 DSC results of RAFT homopolymers at different cooling rates 
Cooling rates PMMAR PPMAR PSMAR 
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(°C/min) TF (°C) Hc (J) TF (°C) Hc (J) TF (°C) Hc (J) 
1 −3.2 5.02 18.4 2.05 35.8 5.32 
2 −4.2 6.87 17.8 3.91 34.8 7.48 
5 −5.9 16.89 16.8 10.09 33.1 19.09 
10 −7.6 49.71 15.6 21.01 31.6 54.33 
15 −8.9 56.10 14.8 32.48 31.3 61.90 
20 −9.8 76.33 13.9 40.43 30.9 83.01 
Note: PMMAR: RAFT poly(myristate methacrylate), PPMAR: RAFT poly(palmitate 
methacrylate), and PSMAR: RAFT poly(stearate methacrylate), TF: freezing point, Hc: 
crystallization enthalpy. 
        For the non-isothermal crystallization process at a constant cooling rate, the curves 
of relative crystallinity vs. temperature are shown in Figure 4.35. 
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 Relative crystallinity vs. temperature for (a) RAFT poly(myristate methacrylate), (b) 
RAFT poly(palmitate methacrylate), and (c) RAFT poly(stearate methacrylate). 
Figure 4.35 Relative crystallinity vs. temperature for PMMAR, PPMAR and PSMAR 
        As shown in Figure 4.35, the relative crystallinity of these three RAFT polymers 
decreased with the increasing temperature. 
        In non-isothermal crystallization process, the relationship of time (t) vs. temperature 
was shown in equation 4.6. 
R
TTT −= 0                                                                                               4.6 
284 
 
where T is the temperature at t time, T0 is the starting crystallization temperature (t=0), 
R is the cooling rate. 
        Based on the equation 4.6, the relative crystallinity vs. temperature can be transferred 
into the curves of relative crystallinity vs. time curves as shown in Figure 4.36. 
 
Relative crystallinity vs. time for (a) RAFT poly(myristate methacrylate), (b) RAFT 
poly(palmitate methacrylate), and (c) RAFT poly(stearate methacrylate). 
Figure 4.36 Relative crystallinity vs. time for PMMAR, PPMAR and PSMAR 
        The curves of ln(-ln(1-Xt)) vs. ln(t) for three saturated fatty acid-based polymers are 
shown in Figure 4.37. 
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The curves of ln(−ln(1−Xt)) vs. ln(t) for (a) RAFT poly(myristate methacrylate), (b) 
RAFT poly(palmitate methacrylate), and (c) RAFT poly(stearate methacrylate) 
Figure 4.37 The curves of ln(−ln(1−Xt)) vs. ln(t) based on Avrami model 
As shown in Figure 4.37 (a)‒(b), the curves demonstrated good linear relationship. 
Based on the equation 4.5, the n the Avrami index and k were obtained from the slope and 
intercept of lines 372, and the results were listed in Table 4.8. 
Table 4.8 Non-isothermal crystallization kinetics parameters based on Avrami model 
Cooling rates (°C/min) KA (min-1) nA R2 
 RAFT poly(myristate methacrylate): PMMAR 
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1 7.16 −15.95 0.9863 
2 5.30 −9.37 0.9809 
5 4.71 −4.99 0.9886 
10 4.53 −2.30 0.9937 
15 3.32 −1.28 0.9919 
20 3.30 −0.26 0.9937 
 RAFT poly(palmitate methacrylate): PPMAR 
1 0.95 −0.52 0.9786 
2 0.94 −0.04 0.9783 
5 0.91 0.32 0.9670 
10 1.30 1.16 0.9679 
15 1.05 0.87 0.9858 
20 0.86 0.68 0.9919 
 RAFT poly(stearate methacrylate): PSMAR 
1 4.42 −2.23 0.9833 
2 3.43 0.51 0.9895 
5 4.46 3.10 0.9982 
10 7.78 6.69 0.9764 
Note: PMMAR: RAFT poly(myristate methacrylate), PPMAR: RAFT poly(palmitate 
methacrylate), and PSMAR: RAFT poly(stearate methacrylate). 
        As shown in Table 4.8, the KA value of PMMAR decreased with the increase of 
cooling rate, while nA value of PMMAR increased when the cooling rate increased. The 
KA value of PPMAR and PSMAR did not show a clear trend, but the nA value increased 
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with the increasing cooling rate. The values of all nA were not integers which implied that 
the crystallization nucleation modes of these three RAFT polymers were complicated 371, 
373. 
4.12 Hydrophobic Properties of RAFT Polymers 
4.12.1 Preparation of Samples 
        The synthesized RAFT polymers including RAFT poly(linoleate methacrylate), 
RAFT poly(palmitate methacrylate), and RAFT poly(oleate methacrylate) were dissolved 
in dichloromethane. The polymer solutions were painted onto the surface of a filter paper 
(Whatman 1), and the coated papers were dried in fume cupboard, and then tested by 
contact angle meter (Kruss, UK) using water as the liquid phase. 
4.12.2 Results and Discussion 
 
Note: (A) filter paper, (B) filter paper coated with RAFT poly(palmitate methacrylate), 
(C) filter paper coated with RAFT poly(oleate methacrylate), and (D) filter paper coated 
with RAFT poly(linoleate methacrylate). 
Figure 4.38 Images of water contact angle 
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    As shown in Figure 4.38, without the treatment, the filter paper quickly absorbed the 
water, and the contact angle was very low. After the treatment with RAFT polymers, the 
water droplets stayed on the surface of filter paper, and the contact angle increased 
significantly. The contact angles were 103°, 99° and 105° respectively when the filter 
papers were coated by RAFT poly(palmitate methacrylate, RAFT poly(oleate 
methacrylate) and RAFT poly(linoleate methacrylate). The contact angle results showed 
a hydrophobic surface of filter papers after the treatment with RAFT polymers. This 
property indicates that the preparation of hydrophobic materials is promising application. 
    The hydrophobic properties of RAFT polymers can be explained by the proposed 
mechanism as shown in Figure 4.39. In the RAFT polymer structures, the long 




Figure 4.39 The proposed mechanism of hydrophobic properties 
4.13 Conclusion 
        The RAFT polymers derived from both commercial fatty acids and cottonseed oil 
were synthesized. The microstructure and properties of synthesized polymers were 
determined by FT-IR, NMR spectroscopy, differential thermal analysis, 
thermogravimetry, rheometry, and contact angle measurement. The polymers synthesized 
via RAFT polymerization tended to have a narrow polydispersity compared to the 
corresponding polymers synthesized via free radical polymerization. The results of 
polymerization kinetics showed obvious living polymerization characteristics with a 
controlled molecular weight, relying on the molar ratio of monomer-to-RAFT agent and 
polymerization time. The types of fatty acids including unsaturation and saturation were 
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the dominating factor on the melting and crystallization behavior of their final polymers. 
Polymer from saturated fatty acids displayed obvious melting and freezing point while 
polymers from unsaturated fatty acids did not have obvious melting and freezing point. 
With the increase of proportion of saturated fatty acid moieties in polymers, the melting 
and freezing point shifted to a higher temperature. Functional groups including acrylate 
and methacrylate, can influence the physical description, thermal properties and solubility 
of final polymers. RAFT polymers from saturated fatty acid-based methacrylates had a 
lower melting and freezing point than that of RAFT polymers from saturated fatty acid-
based acrylates. When the length of the fatty acid chain increased, the melting and freezing 
point of their final RAFT polymers increased. The purity of linoleic moieties in RAFT 
polymers derived from cottonseed oil had a slight effect on the melting and crystallization 
behavior of their polymers. The crystallization kinetics of PMMAR, PPMAR PSMAR 
showed complicated crystallization nucleation modes. The synthesized polymers also 
displayed a potential application in the production of hydrophobic materials.  
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5. RAFT Polymers Derived from High Oleic Acid Content 
Cotton Seed Oil 
5.1 Introduction 
        Cotton crops are primarily cultivated for cotton fiber production 374, but they are also 
the world’s sixth largest source of vegetable oil 375. Cottonseed oil typically consists of 
25% palmitic acid, 18% oleic acid and 52% linoleic acid 214. However, food biotechnology 
has provided a potential way to design plants 376-378. Green et al. 375 from CSIRO’s 
Agriculture and Food team have cultivated a high oleic acid content cottonseed oil by 
using genetic modification techniques. In high oleic acid content cottonseed oil, the 
concentration of oleic acid was observed to be as high 78%.  
        Currently, some genetically engineered foods, including genetically modified 
soybean, corn and rice, have been commercialized and consumed in many countries, such 
as Argentina, Brazil and China 379. However the debate about the safety of genetically 
modified foods continues with a range of controversial issues relating to human health, 
agriculture and the environment being the subject of discussion since the 1980s 28, 30-31. 
The use of genetically engineered foods as feedstocks in the preparation of polymer 
materials may eliminate consumer’s concerns because genetically engineered materials 
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are thought to have a slimmer chance of entering the food chain when they are converted 
into macromolecular materials. 
        Cottonseed oil is primarily consumed in food by humans and animals 22. A small 
quantity of cottonseed oil is employed in cosmetics 23 and other industrial uses, such as 
insecticides, rubber and explosives 24-26. Only few studies on the preparation of polymers 
derived from cottonseed oil have been reported 10, 12-13, 345-346, such as polyetheramide 
coatings 300, 345, amine cured epoxy resin 347 and polyurethane coatings 298. In these studies, 
triglycerides from cottonseed oil were used as the starting materials, and the synthesized 
polymers mainly were thermosets which had limited applications such as coatings and 
resins for composites. 
Reversible Addition Fragmentation chain Transfer Polymerization, commonly 
known as RAFT polymerization, was discovered by Graeme Moad et al. in 1998 at CSIRO 
349 and it has been shown to be a promising living polymerization technique for the 
tailoring the properties of polymers via the control of chemical structure, molecular weight 
and polydispersity 348, 350. Only a few research papers have reported on the preparation of 
RAFT polymers mainly derived from commercial pure fatty acid sources, such as lauric 
acid 380-381, palmitic acid 277, and oleic acid 224, 320. In these studies, the monomers 
containing fatty acid moieties were normally copolymerized with commercial petroleum 
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oil-based monomers, such as poly(ethylene glycol) methyl ether methacrylate, styrene and 
methyl methacrylate.  
        From the previous work as described in Chapter 2, Chapter 3 and Chapter 4, it 
provided a solution to turn the normal commercial cottonseed oil to the RAFT polymers. 
To extend the application of this technique, a high oleic acid content cottonseed oil was 
chosen as a feedstock. In this chapter, a pathway to convert genetically modified vegetable 
oils to biopolymers is provided. The same methods including the purification of fatty 
acids, the synthesis of reactive monomers and final RAFT polymers as shown in Chapter 
2, 3 and 4 were employed in the production of RAFT polymers from high oleic acid 
content cottonseed oil. Using a high oleic acid content cottonseed oil, novel biopolymers 
incorporating fatty acid side-chains via RAFT polymerization were synthesized. Long 
chain reactive monomers with ethylene moiety were synthesized first via an esterification 
reaction at room temperature. The reactive monomers with different purity of oleic acid 
were subsequently polymerized in the presence of a RAFT agent. The introduced ethylene 
moiety in the fatty acid chain led to lower melting and freezing points. After 
polymerization, the synthesized biopolymers with biomass content of approximatively 
70% behaved as a thermoset and pseudoplastic non-Newtonian fluid. The ramie fabric 
coated by the synthesized biopolymers displayed a hydrophobic surface with a water 
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contact angle of 110°. The effects of the purity of oleic acid on the properties of reactive 
monomers and final RAFT polymers were studied. 
5.2 Materials 
        4-Cyano-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid (CDP, 97%) was 
purchased from Strem. 2,2’-Azobisisobutyronitrile (AIBN, Sigma, 98%) was 
recrystallized from methanol. 2-Hydroxyethyl methacrylate (HEMA, ≥97%), cholesterol 
(≥99%), cottonseed oil (unsaturated fatty acids 70%), N,N’-dicyclohexylcarbodiimide 
(DCC, 99%), 4-dimethylaminopyridine (DMAP, ≥99%), anhydrous tetrahydrofuran 
(THF, 99%), anhydrous pyridine (99.9%), anhydrous methanol (99.8%), trifluoroacetic 
acid (TFA, 97%), hexamethyldisilazane (HMDS, 98%) were purchased from Sigma-
Aldrich. Anhydrous dichloromethane (DCM, ≥99.8%) and silica gel 60 (0.015–0.40 mm) 
were obtained from Merck. Anhydrous sodium sulphate (Na2SO4, 100%), potassium 
hydroxide (KOH, pellets, 85.8%), sodium chloride (NaCl, 99.8%), petroleum spirit (B.P. 
40–60 °C), acetone (≥99.5%), chloroform (≥99.8%) and ethyl acetate (≥99.5%) were 
supplied by VWR. Ethanol (99.5%), Celite 545 (Celaton FW60), sodium bicarbonate 
(NaHCO3, 99.7%) and concentrated hydrochloric acid (HCl, 36.5%) were purchased from 
Chem-Supply Pty Ltd. 
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High oleic acid content cottonseed oil (oleic acid, 78%) was provided by Liu 375 from 
CSIRO Agriculture and Food. The high oleic acid content cottonseed oil was prepared by 
cold-press without any purification 382. 
Commercial plain woven ramie fabrics (21 tex × 21 tex) were scoured by 25 g/L of 
sodium hydroxide solution for 2 h at around 100 °C. Then, the treated fabrics were washed 
with tape water and dried at room temperature. 
5.3 Methodology 
5.3.1 Preparation of Fatty Acids from High Oleic Acid Content Cottonseed Oil 
        Free fatty acids from high oleic acid content cottonseed oil were prepared via a 
saponification reaction followed by acidification. KOH (5.75 g), distilled water (11 mL) 
and 95% ethanol (66 mL) were added to a round bottom flask and stirred until the KOH 
dissolved. High oleic acid content cottonseed oil (25.12 g) was added and the mixture was 
vigorously stirred and heated to 70 °C for 2 h under nitrogen. The reaction solution was 
washed twice by petroleum spirit (50 mL). The unsaponified matters were separated and 
discarded (0.13 g, 0.5%). A 6 M HCl solution was added to the water layer until the pH 
reached around 1. Then petroleum spirit (100 mL) was added and the mixture was 
separated. The organic layer was washed with distilled water (3×100 mL) and saturated 
sodium chloride solution (2×100 mL) respectively, and then dried over anhydrous Na2SO4 
and reduced in vacuum to afford free fatty acids as a light brown oil (FFAOC,18.59 g, yield 
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74%). The free fatty acid composition was measured by GC-MS following the method in 
Chapter 2 Section 2.3. 
5.3.2 Preparation of Oleic Acid with Varying Purity 
        The prepared free fatty acids from high oleic acid content cottonseed oilwere purified 
by using urea inclusion method as described in the Chapter 2 with different ratios of 
ethanol/urea ranging from 3:1 to 9:1 (mL/g). The other purification parameters kept 
constant: the ratio of urea/FFA was 2:1, the crystallization time was 30 minutes at room 
temperature (around 21 °C). The purity of purified fatty acids both from the crystal and 
filtrate fractions were measured using calibrated gas chromatography as detailed in the 
Chapter 2 section 2.3. The results are shown in Table 5.1. 
Table 5.1 Fatty acid compositions of purified oils 
Name Fatty acid composition (%) 
PA LA OA SA FFArem. 
HO3F -- 62.31±2.63 37.52±2.79 -- -- 
HO5F -- 34.70±5.63 64.95±6.22 -- 0.71±0.01 
HO7F -- 19.69±5.05 79.69±5.56 -- 0.88±0.17 
HO9F -- 11.52±0.37 87.93±0.33 -- 0.79±0.07 
HO3C 4.22±0.04 1.60±0.09 93.20±0.50 0.75±0.09 0.69±0.01 
HO5C 4.55±0.40 1.00±0.04 93.62±0.43 0.83±0.03 -- 
HO7C 6.32±0.94 0.72±0.06 91.28±1.81 1.14±0.31 -- 
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HO9C 9.12±1.00 0.87±0.15 87.43±1.66 1.94±0.43 0.95±0.05 
Note: --: no results obtained. PA: Palmitic acid, LA: linoleic acid, OA: oleic acid, SA: 
stearic acid and FFArem.: the remnant of fatty acids. HO3F‒HO9F: free fatty acids from 
the filtrate fraction derived from high oleic cottonseed oil, HO3U‒HO9U: free fatty acids 
from the crystal fraction derived from high oleic cottonseed oil. 
5.3.3 Synthesis of Oleate Methacrylate with Varying Purity 
    The synthesis of oleate methacrylate with varying purity from high oleic acid content 
cottonseed oil was done following the general procedure below: 
    Free fatty acids from high oleic cottonseed oil (FFAOC, oleic content of 87.8%, 2.82 
g, 10.0 mmol), DCC (2.27 g, 11.0 mmol), and DMAP (0.122 g, 1.0 mmol) in DCM (40 
mL) were cooled on an ice-water bath. HEMA (1.56 g, 12.0 mmol) was added dropwise 
over 10 min. After 30 min, the ice-water bath was removed and the reaction mixture was 
stirred at room temperature for 24 h. The filtrate was washed with distilled water (3×50 
mL), followed by saturated sodium bicarbonate (3×80 mL) and saturated sodium chloride 
(2×80 mL). The organic layer was dried over anhydrous Na2SO4. After filtration, it was 
packed on Celite 545 and purified by dry column vacuum chromatography using silica gel 
as the stationary phase and petroleum spirit/ethyl acetate (95:5, V/V) as eluent to obtain 
the product as a colorless liquid (OMA0, 3.77 g, yield 83.6%). 1H NMR, 500 MHz, CDCl3, 
δ (ppm): 6.13, 5.59 (CH2=C(CH3)–), 5.34 (–CH=CH–), 4.34 and 4.10 (O–CH2–CH2–O), 
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2.25 (–CH2–CH2–CO–), 1.95 (CH2=C(CH3)–), 1.54 (O=CCH2–CH2), 0.88 (–CH3). FT-
IR (cm–1): 3010 (cis =C–H), 2922 and 2854 (CH3/CH2 stretching), 1728 (C=O carbonyl 
stretching vibrations), 1639 (C=C), 1452 (symmetric COO– stretching), 1161, 1051 
(COO stretching ester), 939. 
    Eight different purity levels of oleic acid samples purified from high oleic acid 
content cottonseed oil were converted into their reactive monomers following the general 
procedure. The yield of each reactive monomer is shown in Table 5.2. 














OMA3F 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 68.9 
OMA5F 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 66.2 
OMA7F 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 78.5 
OMA9F 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 78.2 
OMA3C 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 84.8 
OMA5C 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 96.3 
OMA7C 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 89.0 
OMA9C 10.0/(2.82) 11.0/(2.27) 1.0/(0.122) 40 12.0/(1.56) 85.0 
Note: All reactive monomers derived from high oleic cottonseed oil, OMA3F‒OMA9F: 
oleate methacrylate with the oleic proportion of 37.5%, 64.9%, 79.7% and 87.9% 
respectively (the fatty acids purified from the filtrate fraction), OMA3C‒OMA9C: oleate 
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methacrylate with the oleic proportion of 87.4%, 91.3%, 93.2% and 93.6% respectively 
(the fatty acids purified from the crystal fraction). 
5.3.4 Synthesis of Poly(Oleate Methacrylate) with Varying Purity 
        Fatty acid-based methacrylate derived from high oleic acid content cottonseed oil 
(OMA0, 0.20 g, 0.51 mmol) and CDP (4.10 mg, 10.1 µmol), AIBN (0.34 mg, 2.0 µmol) 
and THF (1 mL) were added to a flask equipped with a magnetic stir bar. Anhydrous 
nitrogen was purged through the flask for 15 min. The resulting mixture was stirred for 
24 hours at 70 ºC. Then the reaction was quenched by cooling in ice-water bath, the 
product was purified by reprecipitation in methanol at least five times from acetone 
solution and dried under high vacuum at room temperature to obtain a yellowish sticky 
polymer (POMA0, 0.17 g, yield 83.6%). 1H NMR, 500 MHz, CDCl3, δ (ppm): 5.27 (–
CH=CH–), 4.18, 4.07 (O–CH2–CH2–O), 3.13 (–S–C=S–S–CH2–), 2.25 (–CH2–CH2–
CO–), 1.95 (CH2=C(CH3)–), 1.54 (O=CCH2–CH2), 0.81 (–CH3). FT-IR (cm–1): 3467 
(CO–OH), 3008 (cis =C–H), 2923 and 2854 (CH3/CH2 stretching), 1739 (C=O carbonyl 
stretching vibrations), 1452 (symmetric COO– stretching), 1164, 1051 (COO stretching 
ester), 719. 
        Other oleate methacrylates with varying purity from high oleic acid content 
cottonseed oil were polymerized following the same method as described in POMA0. The 
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molar ratio of monomer-to-RAFT agent-to-AIBN was 100:1:1 with a polymerization time 
of 24 h at 70 °C. The yield and properties are shown in Table 5.3. 
Table 5.3 The yield and properties of synthesized RAFT polymers 
Polymer Yield (%) Description Biomass Content (%) 
POMA3F 68.9 Light yellow liquid 70.5 
POMA5F 66.2 Light yellow liquid 70.4 
POMA7F 78.5 Light yellow liquid 70.3 
POMA9F 78.2 Light yellow liquid 70.3 
POMA3C 84.8 Light yellow liquid 70.5 
POMA5C 96.3 Light yellow liquid 70.7 
POMA7C 89.0 Light yellow liquid 70.3 
POMA9C 85.0 Light yellow liquid 70.2 
Note: All RAFT polymers derived from high oleic cottonseed oil, POMA3F‒POMA9F: 
RAFT poly(oleate methacrylate) with oleic proportion of 37.5%, 64.9%, 79.7% and 
87.9% respectively (the fatty acids purified from the filtrate fraction), POMA3C‒
POMA9C: RAFT poly(oleate methacrylate) with oleic proportion of 87.4%, 91.3%, 
93.2% and 93.6% respectively (the fatty acids purified from the crystal fraction). 
5.4 Results and Discussion 
5.4.1 Free Fatty Acids from High Oleic Acid Content Cottonseed Oil 
        The high oleic acid content cottonseed oil was prepared by cold-press without 
purification by Liu 375. As such, the oil sample contained contaminants such as pigments, 
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vitamins and gossypols 383. Images of the preparation of free fatty acids from high oleic 
acid content cottonseed oil are shown in Figure 5.1. 
 
Figure 5.1 The images of the preparation of free fatty acids from GM oil 
        After saponification and acidification, the color of high oleic cottonseed oil 
significantly changed from dark to light brown. This was due to the removal of some 
impurities 383. Moreover, the components in the high oleic acid content cottonseed oil has 
been changed from triglycerides to free fatty acids because the ester chains in the 
triglycerides were broken after saponification and fatty acid moieties were released to 
form free fatty acids. The free fatty acid compositions of high oleic acid content cottonseed 
oil (FFAOC) is summarized in Table 5.4. The composition of commercial cottonseed oil 
(FFAC) and that (FFARef) determined by Green et al. 375 are presented for comparison. 
Table 5.4 Free fatty acid composition from high oleic acid content cottonseed oil 
Name Fatty acid compositions (%) 
PA LA OA SA FFAres. 
FFAC 21.5±0.78 50.7±0.54 25.8±0.46 1.61±0.16 0.15±0.03 
FFARef. 15.3 3.7 78.2 2.3 0.1 
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FFAOC 4.1±0.04 6.2±0.33 87.8±1.18 0.94±0.13 1.06±0.03 
Note: FFAC: cottonseed oil from Sigma, the data of FFARef obtained from Green et al. 
375, FFAOC: free fatty acids from high oleic acid content cottonseed oil, PA: Palmitic 
acid, LA: linoleic acid, OA: oleic acid, SA: stearic acid and FFAres.: the rest of fatty acid. 
From Table 5.4, fatty acid compositions of the high oleic acid content cottonseed oil 
(FFAOC) were different compared to that of cottonseed oil from Sigma (FFAC). In FFAC, 
the linoleic acid dominated the main proportion, but in FFAOC, the concentration of oleic 
acid can reach 87%. Compared to the data of FFAOC (Table 5.4) and FFARef 375, the 
concentration of each fatty acid was different. In Green et al. 375, the fatty acid 
compositions were calculated as the relative percentage that each fatty acid represented of 
the total measured fatty acids. The difference between the fatty acid compositions across 
the two groups of data reported can be attributed to our method removing impurities after 
saponification and acidification, which thus led to a higher concentration of oleic acid in 
FFAOC. The removal of contaminants was also evident from the color change of the oil 
after purification as shown in Figure 5.1. 
5.4.2 Purification of FFA from High Oleic Acid Content Cottonseed Oil 
    The purity of main fatty acids in purified oil and the yield from the filtrate and crystal 
fraction are shown in Figure 5.2. 
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The purity of linoleic and oleic acid in (a) the filtrate fraction (FF), (b) the crystal 
fraction (CF), and (c) The yield of purified oil from the crystal fraction (CF) and filtrate 
fraction (FF). 
Figure 5.2 Purity and yield of purified oils from high oleic acid content cottonseed oil 
    In the filtrate fraction (FF), when the ratio of ethanol/urea increased, the purity of 
oleic acid dramatically increased while the purity of linoleic acid significantly decreased 
(Figure 5.2a). In the crystal fraction (CF), the trends of these two fatty acids were reversed 
with the increase of ratio of ethanol/urea (Figure 5.2b). Noticeably, a high purity of oleic 
acid was obtained from the crystal fraction. With increasing ratio of ethanol/urea, the yield 
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of fatty acids from the filtrate fraction increased, but the yield of fatty acids from the 
crystal fraction decreased. The details of fatty acid composition are shown in Table 5.1. 
    As shown in Table 5.1, the purification process significantly changed the proportion 
of each fatty acid. The filtrate fraction mainly contained unsaturated fatty acids, such as 
linoleic and oleic acid, and no saturated fatty acids including palmitic and stearic acid 
were detected by GC-MS. On the contrary, the crystal fraction contained an enriched 
amount of monounsaturated fatty acid (oleic acid) and small amount of saturated fatty 
acids (palmitic and stearic acid). 
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5.4.3 Thermal Properties of Reactive Monomers with Varying Purity 
 
(a) Melting point and (b) freezing point of monomers from the crystal fraction, (c) 
melting point and (d) freezing point of monomers from the filtrate fraction. Note: 
OMA3C‒OMA9C: oleate methacrylate with different oleic proportion (fatty acids purified 
from the crystal fraction); OMA3F‒OMA9F: oleate methacrylate with different oleic 
proportion (fatty acids purified from the filtrate fraction; OMA9C‒OMA3C: oleate 
methacrylate with oleic proportion of 87.4%, 91.3%, 93.6%, 93.2% respectively; 




Figure 5.3 The DSC curves of monomers from high oleic acid content cottonseed oil 
    As shown in Figure 5.3a and Figure 5.3b, the reactive monomers from the crystal 
fraction displayed obvious melting and freezing points. Two melting points located in the 
range of ‒18 °C to 0 °C, and ‒40 °C to ‒18 °C were observed in Figure 5.3a, which 
belonged to the melting point of palmitate methacrylate and oleate methacrylate 
respectively. A broad freezing point in the range of ‒40 °C to ‒10 °C was observed in 
Figure 5.3b. Both the melting and freezing point shifted to lower temperatures when the 
purity of oleic acid increased. 
    The reactive monomers from the filtrate fraction only displayed melting behavior 
when the purity of oleic was more than 79.7% (Figure 5.3c). The obvious melting point 
belonged to the melting point of oleate methacrylate. No obvious freezing point was 
observed (Figure 5.3d). 
    The differences on the melting and freezing behavior of reactive monomers from the 
crystal fraction and filtrate fraction were mainly due to the compositions of fatty acid 
moieties. As discussed in Chapter 3 section 3.4.2.2, the saturated fatty acid-based 
methacrylates and oleate methacrylate displayed obvious melting and freezing behavior, 
but the linoleate methacrylate did not have a melting and freezing point. Based on the 
results in Table 5.1, the crystal fraction mainly contained oleic acid and a small amount 
of palmitic acid, while the filtrate fraction mainly contained unsaturated fatty acids: oleic 
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acid and linoleic acid. When the fatty acids were converted to their reactive monomers, 
the reactive monomers from the filtrate fraction were mainly the mixture of oleate 
methacrylate and linoleate methacrylate, while the reactive monomers from the crystal 
fraction were mainly the mixture of oleate methacrylate and palmitate methacrylate.         
5.5 RAFT Polymers from High Oleic Acid Content Cottonseed Oil 
The synthesis of a biopolymer from high oleic acid content cottonseed oil involved 
three steps: the preparation of free fatty acids from high oleic acid content cottonseed oil, 
the synthesis of fatty acid-based methacrylate, and the synthesis of RAFT biopolymers as 
described in Figure 5.4.   
 
Figure 5.4 Proposed pathway from high oleic acid content cottonseed oil to biopolymers 
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5.5.1 Chemical Structure 
         The chemical structures from fatty acids to the final RAFT polymers were confirmed 
by FT-IR and 1H NMR. In this section, the oleic acid with proportion of 87.8% was used 
as an example to analyze the changes on chemical structures.  
 
Figure 5.5 FTIR spectra of fatty acid (FFAOC, oleic content 87.8%), its monomer 
(OMAC) and RAFT polymer (POMAC) from high oleic cottonseed oil 
        Figure 5.5 presents the FT-IR spectra from the fatty acid to its final RAFT polymer. 
Broad peaks between 3500 cm–1 and 2500 cm–1 emerging in the FFAOC was associated 
with hydroxyl (–OH) from carboxylic acid. The peak at 3012 cm–1 was due to the 
stretching vibration of cis=C–H from unsaturated fatty acids (e.g. oleic acid), where an 
asymmetrical and symmetrical C–H stretching band showed the absorbance at 2937 (–
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CH3) and 2855 cm–1 (–CH2) 295. The carbonyl (C=O) stretching vibration presented at 
1742 cm–1 296. The stretching vibrations of C–O in the ester group appeared at 1161 cm–1.  
When the FFAOC was converted to the reactive monomer (OMA0), a new peak in the 
range of 1640–1600 cm‒1 was observed, which belonged to CH2=C(CH3)– from the 
methacrylate moiety 384. A strong absorption peak in the range of 1260–1000 cm‒1 was 
also present in OMA0, which was due to the stretching of the ester carbon oxygen single 
bond. After esterification, the presence of new peaks (ester and CH2=C) confirmed the 
formation of fatty acid-based methacrylates.  
As predicted, the characteristic peaks of CH2=C(CH3)– disappeared in the spectrum 
of the RAFT polymer (POMA0). Moreover, broad absorption peaks were observed in 
POMA0. This was due to the formation of the polymeric structure. The FT-IR spectra 
confirmed that the reactive monomer was consumed during polymerization process. It 




Figure 5.6 1H NMR spectra of fatty acid (FFAOC, oleic content 87.8%), its monomer 
(OMA0) and RAFT polymer (POMA0) from high oleic cottonseed oil 
        As predicted, Figure 5.6 showed two new peaks in the range of 6.5–5.5 ppm in 
OMA0, which belonged to the protons of the terminal alkene (CH2=C(CH3)–) from 
methacrylate moiety. Other new peaks located in the range of 4.5–4.0 ppm were observed 
in OMA0 which were due to the protons of ethyl groups (–OCH2–CH2O–). The methyl 
group (CH2=C(CH3)–) appeared at 1.95 ppm in the spectrum of OMA0. The presence of 
these new peaks in the spectrum of OMA0 demonstrated that the reactive monomer was 
successfully synthesized based on the proposed scheme. After RAFT polymerization, the 
protons of the terminal alkene (CH2=C(CH3)–) disappeared in the spectrum of POMA0 as 
the terminal C=C reacted to form the polymer chain, changing from unsaturated ethylene 
to saturated ethyl groups. In POMA0, two broad peaks were observed in the range of 4.5–
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4.0 ppm which belonged to the protons of ethyl groups (–OCH2–CH2O–). This was due 
to a number of ester bond moieties in the polymeric chain, which led to broad absorption 
peaks. Noticeably, the protons of internal CH=CH in the range of 5.5–5.0 ppm still existed 
in the spectra of OMA0 and POMA0. It demonstrated that the internal C=C from 
unsaturated fatty acid moieties still existed. 
5.5.2 Thermal Properties of POMA0 
        The thermal properties from fatty acid to the final RAFT polymer were measured by 
DSC and TGA. 
 
(a) Melting point and (b) freezing point. Note: FFAOC (oleic content of 87.8%), the 
reactive monomer (OMA0) and the RAFT polymer (POMA0) from high oleic acid 
content cottonseed oil. 
Figure 5.7 DSC thermograms 
        The melting and freezing points changed significantly from FFAOC to the final 
biopolymer (POMA0) as shown in Figure 5.7. FFAOC (oleic acid content of 87.8%) had 
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three melting points located at ‒22.5, 10.5 and 57.4 °C, and their three freezing points 
appeared at ‒32.3, ‒18.2 and 5.8 °C, which agreed with the melting and freezing points of 
linoleic, oleic and palmitic acid respectively. When FFAOC (oleic content of 87.8%) was 
converted to OMA0 (oleic content 87.8%), the melting point shifted to a lower temperature 
since the terminal C=C in the fatty acid chain increased the flexibility of the molecule 277. 
After RAFT polymerization, no obvious melting or freezing point were observed in the 
DSC curves of POMA0 (oleic content 87.8%). Although POMA0 still contained 
approximatively 5.0% saturated fatty acid moieties (palmitic and stearic), the low 
concentration of saturated fatty acid moieties had no obvious contribution to the melting 
and crystallization behavior of the POMA0. Therefore, the POMA0 (oleic content 87.8%) 
mainly displayed a thermosetting behavior 385. 
 
(a) TG and (b) DTG curves showing for the FFAOC (oleic content of 87.8%), the reactive 
monomer (OMA0), and the RAFT polymer (POMA0) from high oleic acid content 
cottonseed oil  
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Figure 5.8 TG and DTG curves from fatty acid to its RAFT polymer 
        As shown in Figure 5.8, the FFAOC (oleic content 87.8%) had one main thermal 
decomposition stage in the range of 150−300 °C. When the FFAOC was converted to 
OMA0 (oleic content 87.8%), two main thermal decomposition stages were observed in 
the range of 150−260 °C (82.6% of weight loss) and 260−430 °C (15.9% of weight loss) 
as the introduced functional group (methacrylate) in the fatty acid chain led to a more 
complex thermal decomposition process 331. The terminal C=C double bonds from the 
functional group were easier to polymerize or oxidize at the early stage of the thermal 
decomposition process. This resulted in a lower temperature (237 °C) at the maximum 
thermal decomposition rate compared to that of FFAOC (249 °C). After RAFT 
polymerization, the stability of the thermal decomposition increased and the main thermal 
decomposition occurred in the range of 260−430 °C (81.4% of weight loss) as shown in 




5.5.3 Rheological Properties of POMA0 
 
(a) Storage, loss modulus vs. temperature, (b) viscosity vs. temperature, (c) viscosity vs. 
shear rate 
Figure 5.9 Rheological properties of the POMA0 (oleic content 87.8%) from high oleic 
acid content cottonseed oil 
The storage modulus, loss modulus and viscosity of POMA0 (oleic content 87.8%) 
decreased with increasing temperature as shown in Figure 5.9. This was due to the 
entanglement and unentanglement of polymer chains as shown in Figure 5.9 (b) 386. At 
low temperature, the polymer chain of POMA0 (oleic content 87.8%) entangled to form 
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intricate polymer chain coils. Moreover, the POMA0 (oleic content 87.8%) contained a 
small amount of unsaturated fatty acid moieties (approximatively 5%) existing in the 
formation of semi-crystalline blocks. The intricate polymer coils and small amount of 
compact semi-crystalline blocks led to a high viscosity. When the temperature increased, 
the frequency of polymer chain movement increased and polymer chains unentangled, 
which increased the fluidity of POMA0 (oleic content 87.8%). Therefore, the modulus and 
viscosity of POMA0 (oleic content 87.8%) decreased.  
As shown in Figure 5.9 (c), a shear-viscosity plateau was observed at low shear rates 
in which the disruption of the entangled polymer coils happened very slowly. 
Simultaneously, re-entanglement of polymer coils occurred at low shear rates. This was 
the reason the viscosity of POMA0 (oleic content 87.8%) changed slightly at low shear 
rates. Conversely, the rate of disruption was more than the rate of re-entanglement at 
higher shear rates, which led to less viscous and shear thinning 387.  
5.5.4 Hydrophobic Properties of POMA0 
 
Figure 5.10 Hydrophobic properties of ramie fabric coated by POMA0 
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        Figure 5.10 represents a change from hydrophilic to hydrophobic surface of the ramie 
fabric before and after treatment by POMA0. Before treatment, the drop of an aqueous dye 
solution was quickly absorbed in 1 second (Figure 5.10a). After treatment by POC, the 
ramie fabric (containing 0.023 g/cm2 of POMA0) displayed a hydrophobic surface with a 
water contact angle of 110° (Figure 5.10e). As shown in Figure 5.10 (b)‒(c), the treated 
ramie fabric had water repellent ability and the drop of aqueous dye solution stayed on the 
surface of treated ramie fabric indefinitely. The drop of aqueous dye solution was able to 
be removed completely by absorption with a tissue and left the fabric as shown in Figure 
5.10 (d). 
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5.6 Effect of Oleic Acid Purity on the Properties of Final RAFT Polymers  
5.6.1 DSC of RAFT Polymers with Varying Purity of Oleic 
 
(a) Melting point and (b) freezing point of RAFT polymers from the crystal fraction, (c) 
melting point and (d) freezing point of RAFT polymers from the filtrate fraction. Note: 
POMA9C (87.4%): RAFT poly(oleate methacrylate) with oleic proportion of 87.4%, 
POMA7C (91.3%): RAFT poly(oleate methacrylate) (oleic 91.3%), POMA5C (93.6%): 
RAFT poly(oleate methacrylate) (oleic 93.6%) and POMA3C (93.2%): RAFT 
poly(oleate methacrylate) (oleic 93.2%); POMA3F (37.5%): RAFT poly(oleate 
methacrylate) (oleic content 37.5%), POMA5F (64.9%): RAFT poly(oleate methacrylate) 
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(oleic 64.9%), POMA7F: (79.7%): RAFT poly(oleate methacrylate) (oleic 79.7%), and 
POMA9F: (87.9%): RAFT poly(oleate methacrylate) (oleic 87.9%). 
Figure 5.11 DSC curves of RAFT polymers with varying purity of oleic 
    As shown in Figure 5.11 (a), the RAFT polymers from the crystal fraction (POMA9C‒
POMA3C) had weak peaks in the range of ‒60 °C to ‒20 °C, which belonged to the palmitic 
moieties in the polymer chain (based on the results in Chapter 4 section 4.8). When the 
purity of oleic increased, the peaks became weaker and the melting point shifted to a lower 
temperature. The RAFT polymers (POMA9C‒POMA3C) did not present obvious freezing 
point. This was because the proportion of saturated fatty acid moieties decreased when the 
purity of oleic moieties increased (Table 5.1). The melting and crystallization behavior of 
RAFT polymers mainly relied on the concentration of saturated fatty acid moieties as 
discussed in Chapter 4 section 4.8. Low concentration of saturated fatty acid moieties in 
RAFT polymers led to weaker melting and crystallization behavior. 
    No obvious melting and freezing point were observed in the RAFT polymers from 
the filtrate fraction (POMA9F‒POMA3F) as shown in Figure 5.11 (c) and Figure 5.11 (d). 
This was because the RAFT polymers (POMA9F‒POMA3F) mainly contained unsaturated 
fatty acid moieties (Table 5.1), and the RAFT polymers from unsaturated fatty acids did 
not have obvious melting and freezing point as discussed in Chapter 4 Section 4.4.4.2. 
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5.6.2 TGA of RAFT Polymers with Varying Purity of Oleic 
 
(a) TG and (b) DTG curves of RAFT poly(oleate methacrylate) with different purity 
from high oleic acid content cottonseed oil, (c) TG and (d) DTG curves of RAFT 
poly(oleate methacrylate) with different purity from high oleic acod content cottonseed 
oil. Note: POMA9C (87.4%): RAFT poly(oleate methacrylate) with oleic proportion of 
87.4%, POMA7C (91.3%): RAFT poly(oleate methacrylate) (oleic 91.3%), POMA5C 
(93.6%): RAFT poly(oleate methacrylate) (oleic 93.6%) and POMA3C (93.2%): RAFT 
poly(oleate methacrylate) (oleic 93.2%); POMA3F (37.5%): RAFT poly(oleate 
methacrylate) (oleic content 37.5%), POMA5F (64.9%): RAFT poly(oleate methacrylate) 
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(oleic 64.9%), POMA7F: (79.7%): RAFT poly(oleate methacrylate) (oleic 79.7%), and 
POMA9F: (87.9%): RAFT poly(oleate methacrylate) (oleic 87.9%). 
Figure 5.12 TG and DTG curves of RAFT polymers with varying purity of oleic moeity 
        The RAFT polymers from the crystal fraction (POMA9C‒POMA3C) did not present 
a significant difference on the thermal decomposition when the purity of oleic moieties 
increased (Figure 5.12b). In the RAFT polymers from the filtrate fraction (POMA9F‒
POMA3F), the first main thermal decomposition temperature at the maximum 
decomposition rate in the range of 100−300 °C shifted to a lower temperature, but the 
second main thermal decomposition temperature at the maximum decomposition rate in 
the range of 300−500 °C shifted to a higher temperature (Figure 5.12d). This was because 
of the different fatty acid compositions in the RAFT polymers. The RAFT polymers from 
the filtrate fraction (POMA9F‒POMA3F) mainly contained unsaturated fatty acid moieties 
while the RAFT polymers from the crystal fraction (POMA9C‒POMA3C) mainly had 
saturated fatty acid and monounsaturated fatty acid (oleic) as shown in Table 5.1. As 
discussed in Chapter 4 Section 4.7, when the concentration of linoleic moieties increased, 
the starting decomposition temperature shifted to a lower temperature but the temperatures 
at the second decomposition increased. Thus, the results of thermal decomposition of 
RAFT polymers from the filtrate fraction (POMA9F‒POMA3F) were consistent with the 
results in Chapter 4 Section 4.7. 
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5.6.3 Rheological Properties of RAFT Polymers with Varying Purity of Oleic 
        The rheological properties of RAFT polymers derived from high oleic acid content 
cottonseed oil were measured following the method in Chapter 4 section 4.3.3.9. 
 
(a) Storage modulus vs. temperature, (b) loss modulus vs. temperature, (c) viscosity vs. 
temperature, (d) viscosity vs. shear rate. Note: POMA9C (87.4%): RAFT poly(oleate 
methacrylate) with oleic proportion of 87.4%, POMA7C (91.3%): RAFT poly(oleate 
methacrylate) (oleic 91.3%), POMA5C (93.6%): RAFT poly(oleate methacrylate) (oleic 
93.6%) and POMA3C (93.2%): RAFT poly(oleate methacrylate) (oleic 93.2%). 
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Figure 5.13 Rheological properties of RAFT polymers with varying purity of oleic 
moiety 
    The storage modulus, loss modulus and viscosity of RAFT polymers from the crystal 
fraction (POMA9C‒POMA3C) decreased with increasing temperature as shown in Figure 
5.13(a)‒(c). The viscosity decreased when the shear rate increased (Figure 5.13d). The 
purity of oleic moieties in RAFT polymers did not display a very clear relationship 
between the purity of oleic and the rheological properties of RAFT polymers. 
5.8 Conclusion 
    A new fatty acid source derived from high oleic acid content cottonseed oil was 
used as a starting feedstock to extent the application of preparation RAFT polymers from 
commercial cottonseed oil. By using urea inclusion, different purity of oleic acid were 
obtained from two fractions: the crystal and filtrate fraction. With increasing ratio of 
ethanol/urea (mL/g), the purity of oleic acid in the crystal fraction decreased while the 
purity of oleic acid in the filtrate fraction increased. The crystal fraction tended to contain 
high purity of oleic acid. After esterification, the oleic acid with varying purity were 
converted to long chain reactive monomers with ethylene moiety. Then biopolymers with 
approximatively 70% biomass content derived from high oleic acid content cottonseed oil 
were synthesized via RAFT polymerization. No obvious melting and crystallization points 
observed in the synthesized RAFT polymers. The rheological properties of the synthesized 
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RAFT polymers displayed a pseudoplastic non-Newtonian fluid behavior. The 
synthesized RAFT polymers has potential application in the production of hydrophobic 
coatings. The purity level of oleic acid from high oleic acid content cottonseed oil had a 














6. Conclusions and Future Work 
6.1 Main Conclusion 
    The key observations of the thesis included: (1) Urea inclusion and ultrasonic assisted 
urea inclusion could be successfully used to purify cottonseed oil. (2) The purity of 
linoleic acid from purified cottonseed oil had a slight influence on the melting and freezing 
point of their reactive monomers and the final polymers indicating that other impurities 
present may not cause serious problems with polymer production. (3) Monomers were 
successfully synthesized and then were successfully converted into polymers. (4) The 
polymers had low melting points but good chemical solvent resistance. 
    This work provided a pathway to convert cottonseed oil to RAFT polymers with the 
biomass of approximatively 70%. It mainly involved three main steps: the purification of 
fatty acid from cottonseed oil, the preparation of reactive monomers and the final RAFT 
polymers. 
    In the purification of cottonseed oil, a calibrated gas chromatography method was 
conducted to measure the fatty acid compositions from cottonseed oil. By using urea 
inclusion method, two fractions were produced: one was the crystal fraction mainly 
containing saturated fatty acids and monounsaturated fatty acids, and the other was the 
filtrate fraction mainly enriching unsaturated fatty acids. In the urea inclusion process, 
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four main parameters including the ratio of urea-to-FFA, the ratio of ethanol-to-urea, 
crystallization temperature and crystallization time influenced the purity of linoleic acid 
from the filtrate fraction derived from cottonseed oil. The ratio of ethanol-to-urea was the 
most significant influential parameter for the yield of linoleic acid, and the ratio of urea-
to-FFA was the most significant parameter for the purity of linoleic acid from cottonseed 
oil. The crystallization temperature also influenced the yield and purity of linoleic acid 
from cottonseed oil. The application of ultrasound in the urea inclusion method 
significantly changed the fatty acid compositions in the crystal fraction and filtrate 
fraction. In the crystal fraction, a purity of 88% for palmitic acid was obtained. Moreover, 
the different cottonseed oil sources led to different separation results: the high purity of 
linoleic acid (maximum 93.6%, Table 2.3) was mainly obtained from the filtrate fraction 
from the commercial cottonseed oil, while the high purity oleic acid (93.6%, Table 5.4) 
was mainly obtained from the crystal fraction derived from high oleic acid content 
cottonseed oil. 
        By using esterification reaction, two functional groups including acrylate and 
methacrylate were introduced into the fatty acid chain at room temperature. The chemical 
structures were confirmed by FT-IR, NMR and MS. The characteristic peaks of C=C from 
acrylate/methacrylate moieties in the spectra of reactive monomers confirmed that the 
reactions were conducted following by the proposed scheme. The length of the fatty acid 
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chain, the degree of unsaturation and the functional groups influenced the melting point, 
freezing point and thermal decomposition properties of final reactive monomers. With 
increasing length of the fatty acid chain, the melting and freezing point of reactive 
monomers increased. When the degree of unsaturation increased, the melting and freezing 
point decreased. The introduced functional groups significantly decreased the melting and 
freezing point of reactive monomers. The fatty acid-based methacrylates had lower 
melting and freezing points than that of fatty acid-based acrylates. The purity of linoleic 
acid purified from cottonseed oil had a slight influence on the melting and freezing point 
of their reactive monomers. The types of fatty acids including saturated and unsaturated 
fatty acids were the main influential factor for the melting and freezing of their reactive 
monomers. When the proportion of unsaturated fatty acid moieties in reactive monomers 
increased, the starting thermal decomposition temperature decreased, but the temperature 
at the second main thermal decomposition stage increased. 
        A series of reactive monomers both from commercial fatty acids and cottonseed oil 
were further polymerized to form RAFT homopolymers and copolymers via RAFT 
polymerization. The FT-IR, 1H NMR spectra and GPC confirmed the polymeric 
structures. The molar ratio of monomer-to-RAFT agent significantly influenced the 
molecular weight and polydispersity of the polymer. The RAFT polymerization process 
had a good control when the molar ratio of monomer-to-RAFT agent decreased. An 
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acknowledgement is that by using an excess of AIBN in the polymerization process will 
be more like a free radical process. The polymerization time also was an important 
parameter. When polymerization time increased, the conversion rate of reactive 
monomers increased first and then plateaued. The length of the fatty acid chain, the degree 
of unsaturation and the functional groups significantly influenced the melting and 
crystallization behavior of final synthesized polymers, while the purity of purified fatty 
acids and the fatty acid sources from cottonseed oil had a slight effect. The RAFT 
polymers derived from saturated fatty acids (e.g. myristic, palmitic and stearic acid) 
displayed obvious melting and crystallization behavior while the RAFT polymers from 
unsaturated fatty acids (e.g. oleic and linoleic acid) did not have obvious melting and 
crystallization behavior. The melting and freezing point of RAFT polymers derived from 
saturated fatty acids increased with the increase of the length of the fatty acid chain. When 
the degree of unsaturation of fatty acids increased, the starting thermal decomposition 
temperature decreased, but the temperature at maximum decomposition rate in the second 
main decomposition stage increased. The RAFT polymers from fatty acid-based 
methacrylates had a lower melting and freezing point compared to the RAFT polymers 
from fatty acid-acrylates. The increased proportion of saturated fatty acid moieties in 
RAFT copolymers led to more obvious melting and crystallization behavior while the 
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increased concentration of unsaturated fatty acid moieties caused unobvious melting and 
crystallization behavior.  
6.2 Future Work 
       The following three main aspects may be further investigated in the future. 
         (1) In the purification of the cottonseed oil, the results of ultrasound assisted urea 
inclusion separation showed significant differences compared to the single urea inclusion 
separation method. In the future, the purification of more vegetable oil sources should be 
investigated via the ultrasound assisted urea inclusion method. The mechanism also 
requires further investigation. The method involved the purification of cottonseed oil, the 
synthesis of reactive monomers and to the final RAFT polymers is a universal technique 
which can be employed on other vegetable oils. More vegetable oil sources should be 
investigated in the future, in particular some inedible vegetable oil sources, such as castor, 
karanja and mahua oil. 
        (2) The application of synthesized polymers should be studied in the future. The 
polymers containing saturated fatty acid moieties displayed obvious melting and 
crystallization behavior which have a promising application in the production of phase 
change materials. Moreover, the excellent solvent resistant properties also display a 
promising application in hydrophobic coatings. 
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        (3) Further work needs to be undertaken to investigate if polymers with higher 
melting points can be obtained to make the polymers more suitable to use as fibers in 
textiles. A melting temperature of above 150 °C would be desired from the polymers to 
achieve this outcome. In future work, some post-polymerization functionalization 
techniques including multiblock copolymerization, epoxidation, thiol-ene (click) and 
crosslinking reaction of remained C=C from unsaturated fatty acid moieties will be 
proposed to increase the melting and freezing point of the final polymers. The XRD 
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